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ACADEMIC ABSTRACT 
 
Rapid degradation of fluorescent conjugated polymers in ambient conditions 
imposes severe restrictions on their utility for long-term, portable sensing applications.  
This dissertation discusses the combined use of low-density, ultra-thin oxide capping layers 
and plasmonic silver gratings as a means of improving the utility of fluorescent conjugated 
polymer ultra-thin films (<50 nm) for long-term, portable chem/bio sensing applications.  
Silver gratings produced by a low-cost micro-contact printing method enhanced emission 
of poly-[2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV) by as much 
as 12-fold with respect to films on flat silver through a mechanism of surface plasmon-
coupled emission, which directs specific emitted wavelengths toward the detection window 
of the fluorescence microscope.  Addition of a low-density, ultra-thin silica capping layer 
(d = 5.07 nm, n = 1.38) improved MEH-PPV photostability significantly with respect to 
uncapped films under both short-term continuous illumination as well as long-term storage 
in dark, ambient air, while retaining a rapid quenching response to nitroaromatic vapors.  
Capped, plasmonic-enhanced MEH-PPV film showed a response to 2,4-dinitrotoluene 
vapor at a rate more than 7-fold faster than capped films on SiO2-coated  silicon, attributed 
to a combination of sensitization effects of the silver on the conjugated polymer molecules 
in close proximity to the metal.  Lateral diffusion of nitroaromatic vapor into the film is 
tracked by monitoring growth of quenched regions through fluorescence imaging.  Most 
importantly, the devices recover fluorescence spontaneously on removal from the 
xvii 
 
nitroaromatic vapor source, suggesting they could be used for long-term, real-time 
measurements of nitroaromatic vapors. 
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CHAPTER 1 INTRODUCTION 
 
1.1 Motivation 
 Maslow’s hierarchy of need places securing the safety of self and family as the 
second most basic need after physiological well-being [1].  Establishing a secure local 
environment is weighted so heavily in the hierarchy because protection from the ‘elements’ 
and predation is essential to ensuring the survival of progeny and, by extension, the fitness 
and persistence of a species.  Thus, there is a very high natural prerogative to provide for 
safety.  A very large portion of providing safety involves the detection or sensing of 
external or internal physical, chemical, and biological threats to physiological homeostasis 
[2].  Such detection is innate to human existence; each of the senses is designed to provide 
some form of feedback and physical information about safe and unsafe stimuli.  
Unfortunately, the senses are only well-developed enough to identify external threats that 
have reached a sufficient threshold level as to invoke sensation and reflex or response and 
internalized chemical, viral, or bacterial threats that have progressed to a symptomatic level 
of pathogenesis.  Innate and acquired immunity as well as intrinsically selective 
semipermeable cell membranes mitigate the effects of some contaminants and pathological 
threats, but others retain their effectiveness in spite of these specialized systems.  The 
development of artificially derived or concentrated chemical and biological threats has 
further confounded our innate or natural protections [3].  Not only have threats increased 
in potency to a point where the pathological dose is lower than what is detectable by simple 
physiological cues, but the ramifications of exposure to these threats have increased beyond 
what simple avoidance can afford or a brief recovery period can cure [4].  As such, some 
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means of detecting and identifying chemical and biological threats below their threshold 
pathological levels is of critical importance to modern day needs in the areas of medicine, 
homeland defense, and personal protection.  Various defensive capabilities have been 
developed to meet the unique challenges of today’s threats including personal protective 
equipment to isolate an individual or group from a threat, countermeasures to lessen the 
effects of a threat, and sensor systems for early detection and identification of a threat.  
Among these three options, sensors offer the ability to identify threats at sub-pathological 
levels and, thus, the greatest opportunity to prevent threat exposure or identify the threat to 
which a person is exposed [3, 5-10].  Development of ever more accurate, rapid, and 
sensitive sensors is critical to ensuring future safety and security and is the motivation for 
the research presented herein. 
1.2 Focus 
The development of rapid, sensitive, compound-specific sensors is prevalent in 
every area of diagnostics research, including defense against unexploded ordnance, 
improvised explosive devices, and dangerous chemical run-off in our lakes, streams, 
groundwater, and other waterways [6, 8, 9, 11-16]. While novel explosives continue to be 
developed, a great majority still utilize traditional energetic compounds such as 
trinitrotoluene (TNT).  Thus, the emphasis of much nitroaromatic sensor research is on 
identifying ways to detect and quantify the presence of this compound and its more 
prevalent degradation byproducts (e.g. 2,4- and 2,6- dinitrotoluene, DNT) [11, 13, 15-17].  
Nitroaromatic sensors function on the observable interaction of nitroaromatic compounds 
with electron donors under specific environmental conditions, as will be discussed more 
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fully in the following chapters.  The focus of this dissertation is the development of a 
nanostructure-enhanced fluorescence-based sensor for the detection of trace quantities of 
vapor-phase nitroaromatic compounds.  Central to the function of this chemical sensor is 
the fluorescent conjugated polymer poly-[2-methoxy-5-(2-ethylhexyloxy)-p-
phenylenevinylene] (MEH-PPV), which has shown promise as an optoelectronic signal 
transducer indicating the presence of nitroaromatic compounds [6, 11-13, 17, 18].  As with 
plasmonic silver gratings and ultra-thin oxide capping layers for the purpose of ultra-
sensitive nitroaromatic vapor detection.   
Sensor development in the modern era is pushing towards detection of ever smaller 
quantities of threat agents, rapidly approaching the critical limit of single molecule 
detection from a bulk environment [16, 19, 20].  Such an extreme level of sensitivity has 
been deemed necessary to address current infrastructure and military needs to allow 
advance warning or rapid confirmation of the presence of threat agents in high-population, 
high-stress, and low-resource environments with rapidly changing conditions (e.g. public 
venues, airport checkpoints, battlefield, etc.). 
 Approaching the single molecule level of sensitivity raises a number of critical 
questions about the sensor design itself.  First, and foremost, a single analyte interaction 
event must be capable of producing an observable change in the transducer signal 
properties to indicate presence and, if necessary, activity of that analyte.  Furthermore, the 
signal change must be statistically significant over and above the noise and signal drift 
resulting from interfering analytes as well as thermal, electrical, and chemical changes to 
the sensor transducer (i.e. thermal noise, dark noise, oxidation/reduction reactions, etc.).  
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This statistical significance is defined by the sensor signal-to-noise ratio (SNR) [21, 22], a 
parameter that will be a major focus of this dissertation.  Isolating and positively identifying 
positive events in light of the myriad noise sources, in other words increasing SNR, is a 
massive undertaking, resulting in decades of thoughtful research on every aspect of sensor 
design from the signal transducer itself to signal amplification processes.   
Signal amplification by post-transduction processing dominates the current market 
in terms of number of available products and techniques, including photomultiplier tubes 
(PMTs) for optical signals and digital signal processing through digital gain and increased 
integration time [23].  Unfortunately, these forms of signal processing amplify not only the 
positive signal to be detected, but also the noise associated with that signal.  Noise in this 
sense refers to background electrical or optical signal that can be produced by defects in 
the electronics (i.e. dark current), thermal noise, shot noise, as well as competing, non-
diagnostic signals coming from the sample.  Instead, the focus has turned to systems that 
provide intrinsic signal amplification, which refers to direct modulation of signal inputs or 
outputs to increase the analyte-positive sensor signal emitted or transduced without 
resorting to bulk amplification of the entire sensor signal stream [20, 24, 25]. The exact 
mode of detection depends on the particular physicochemical properties and activity of the 
threat agent, often taking the form of an apportioned real or artificial chemical or biological 
substrate of activity.  
1.3 Overview of Dissertation 
 The present work is centered on the integration of conjugated polymers with 
plasmonic silver gratings and ultra-thin oxide capping layers for the fabrication of an ultra-
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sensitive fluorescence chemosensor capable of rapid trace nitroaromatic vapor detection.  
Chapter 2 comprises a review of the literature on a number of topics related to the 
development of this sensor with particular focus placed on the phenomena responsible for 
the function and benefit the described sensor system has with respect to previous designs.  
This review includes an introduction to fluorescence and fluorescence-based sensors, the 
development and unique photophysics of fluorescent conjugated polymers that make them 
such powerful transducers for nitroaromatic detection, the basic surface plasmon resonance 
theory, and an overview of nitroaromatic sensors research as it has progressed so far.  
Particular emphasis in the review is placed on the phenomena responsible for the function 
and benefit of the described sensor system over previous attempts.   
Following the review, Chapter 3 presents the design, integration, and further 
development of the plasmonic-enhanced conjugated polymer chemosensor and 
semipermeable, ultra-thin silicon oxide capping layer for enhanced polymer stability 
against photooxidation.  Attention is given to the specific design parameters that dictate 
the function of the sensor and the importance of the plasmonic grating platform to the 
enhancement of conjugated polymer fluorescence through surface plasmon-coupled 
emission.  Characterization of the ultra-thin silicon oxide layer will show how stopping the 
deposition process at such an early stage allows for protection against atmospheric oxygen 
and moisture while simultaneously allowing the nitroaromatic vapors access to the 
sensitive conjugated polymer beneath. 
Chapter 4 is dedicated to describing a unique phenomenon associated with diffusion 
of the nitroaromatics through the disconnected porosity of the silicon oxide capping layer.  
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While the spectroscopic scans integrated entire sensor areas several tens of microns in 
diameter, the fluorescence images capture the infiltration of nitroaromatics into individual 
pores or pore groups through preferred fluorescence quenching at ‘nodes’ throughout the 
imaged area.  These nodes grow and analysis of this growth elucidated further information 
about diffusion of nitroaromatics through the conjugated polymer film, which can be used 
to expand knowledge of the interactions involved in the quenching process. 
Chapter 5 provides conclusions derived from the previous chapters and expands the 
discussion of the importance and potential applications of these results to further study.  
Attention is given to the applicability of the integrated capped plasmonic platform design 
toward enhancement of other fluorescence or optical sensor systems plagued by oxidative 
damage.  Finally, future directions for the research are provided with recommendations for 
immediate and long-term experiments to expand on the research described.  
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CHAPTER 2 LITERATURE REVIEW 
 
2.1 Introduction 
Generally, sensors are tools that measure and respond to some quantity of input [3, 
5, 7, 12, 13].  This response can take the form of a physical reaction to the input through 
linkage with an actuator or conversion of the input event into a signal capable of 
observation.  The possible inputs are numerous and include physical or chemical pressures 
as well as the mere presence of chemical or biological moieties of every level of 
complexity.  Although responses need not be observable, inputs are usually transduced by 
some piezoelectric, electrochemical, or optical means into a characteristic observable 
signal capable of determining input quantity or quality by thorough calibration.  Signal 
transducers for chemical and biological sensors typically consist of platforms loaded with 
moieties capable of recognizing and responding to part or all of a threat agent.  One of the 
most common signal transducers for chemical and biological sensor systems is 
fluorescence [9, 10, 14, 15, 26, 27], a process of light absorption and emission as will be 
described in Section 2.2. 
2.2 Fluorescence and Fluorescence-based Sensing 
2.2.1 Basics of Fluorescence 
 Luminescence is the emission of light from a molecule or supramolecular complex 
after an input of energy through excitation by an internal or external energy source [28].  
The luminescence phenomenon is distinct from incandescence in that the 
excitation/emission process is not strongly related to the temperature of the molecule [29].  
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Rather, energy is transferred from the source to an electron in the molecule (i.e. absorbed) 
to excite it to a higher energy state and then re-emitted as light as the electron falls back to 
its resting energy state.  Luminescence is divided into a number of classes defined by the 
unique forms of excitation and emission phenomena.  Excitation sources include chemical 
reactions [30, 31], electrical (i.e. current) sources [32-36], mechanical stresses and forces 
[37], thermal [38], as well as incident photons [34, 39].  Molecular excitation by chemical 
reactions produces chemiluminescence, as in the reaction of iron with luminol in forensic 
blood detection assays as well as bis-(2,4,5-trichloro-6-carbopentoxyphenyl) oxalate 
(CPPO) reaction with hydrogen peroxide in glow sticks [40].  Chemiluminescence 
occurring within living organisms is further classified as bioluminescence [41, 42], the 
most prominent example thereof being the luciferase-mediated oxidation of luciferin as 
evinced by Lampyridae fireflies and others [43].  Photoluminescence (PL) is the form of 
luminescence whereby light is emitted from a molecule after absorption of a photon [34, 
39].  PL is broken down into two further classes based on the nature of the excited state: 
fluorescence and phosphorescence for short- and long-lived excited states, respectively 
[28].  Of these two classes, fluorescence is far more sensitive to measure in response to the 
presence of analytes of interest due to its shorter lifetime (τ), meaning less time in the 
excited state per excitation event.  Whereas phosphorescence emission can occur over the 
course of seconds to hours post-excitation, fluorescence occurs on the order of 
nanoseconds.  Thus, fluorescence is extremely sensitive to local environmental conditions 
(e.g. temperature, solvent, concentration both of fluorophore and of other solutes, etc.). 
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 In physical terms, fluorescence and phosphorescence are photon emissions from a 
molecule (i.e. fluorophore) that occur as a result of a photon absorption-induced transition 
of an electron in the fluorophore to an excited energy state [28, 44, 45]. This process of 
absorption  excitation  relaxation  emission is often illustrated using a Jablonski 
diagram of the electron states and transitions (Figure 2-1). In the first step, an incident 
photon is absorbed by an electron sitting in a relaxed/ground state also known as the highest 
occupied molecular orbital (HOMO).  This photon must have energy sufficient to bridge 
the band gap of the fluorophore from the HOMO (So) to the lowest unoccupied molecular 
orbital (LUMO or excited state or S1).  Within each electronic energy state (So, S1, …) are 
vibrational states labeled 0 – 5.  These represent the high density of possible electron states 
the electron may take in each orbital.  The absorbed photon excites the electron from the 
ground state So to the excited state S1*, where * represents one of the many vibrational 
states (time sale ~10-15 s).  From the S1* state, the electron will rapidly (~10
-12 s), 
nonradiatively relax to a lower vibrational energy level within the S1 state through a process 
of internal conversion.  From S1, the electron further relaxes back across the band gap to 
So (~10
-8 s). This much larger relaxation can result in the radiative emission of a photon, 
known as fluorescence, or through a number of pathways that do not result in photon 
emission such as nonradiative relaxation, quenching by another absorptive medium with 
appropriate band gap, or transition to a triplet state, which results in the much slower 
phosphorescence emission (~101 s).  As can be seen from the ‘length’ of the arrows in the 
energy diagram, the emitted photon (shorter, red arrow) has lower energy than the incident 
photon.  In terms of wavelength, lower energy results in a red-shifted photon from the 
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initial incident one, often leading to absorption of one ‘color’ and emission of another (i.e. 
blue absorption, green emission).  This shift is known as Stokes’ shift [31] and can be 
exploited to identify the presence of fluorophores by separating the excitation and emission 
wavelengths through appropriate filter sets. 
 
Figure 2-1 Jablonski diagram showing electron transitions of a fluorophore from ground to excited 
states. Fluorescence is the primary (faster) transition while phosphorescence allows transition to a 
triplet (T1) state that decays on the order of tens of seconds. (http://www.olympusmicro.com). 
2.2.2 Fluorophores 
Fluorophore design [46] is contingent upon providing an appropriate density of 
electron states such that that incident photons of the desired wavelength provide sufficient 
energy to jump the band gap between HOMO and LUMO levels to reach the excited state.  
This has been achieved most readily using organic dyes with numerous π bonds of carbon-
carbon chains and rings and semiconductor nanoparticles (i.e. quantum dots), which have 
an appropriate band gap for excitation/emission at particular wavelengths [28, 29].  
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Organic fluorophores typically consist of interconnected aromatic ringed structures with 
various ligands (e.g. NH2, COO
-, halides, etc.) attached around the core structure.  
Conjoining multiple ringed structures increases the density of states and allows for a lower 
band gap material, allowing electronic HOMO/LUMO excitation at lower energies, 
corresponding to longer wavelengths.  For instance, the Coumarin family of UV-absorbing, 
blue-emitting dyes consists of a benzoyprone core with decorations leading to fine-tuning 
of the absorption/emission spectra [47] while the Rhodamine family, which absorbs blue-
green and emits yellow-orange, consists of a fluorone core, again with decorations [25, 48, 
49].  Fluorophores have been developed across the EM spectrum from Near-UV, across 
the visible range, and into the Near-IR part of the EM spectrum simply by tuning the 
number of conjoined rings, connectors, and decorating ligands to produce well-defined 
band gaps. 
2.2.3 Plasmonic Enhancement of Fluorescence 
Constraints on illumination intensity to reduce photobleaching, limits of modern 
low-cost photodetectors, and small number of fluorophores required to improve sensitivity 
all lead to low intrinsic fluorescence signal, which could quickly lead to low signal-to-
noise ratio (SNR) and poor quantitation of NA vapor [6, 15, 50-52].  Several approaches 
have been developed to increase SNR, including improving photodetection systems 
through reduction of dark current and increasing the apparent emission output by 
engineering the underlying substrate to provide intrinsic signal amplification.   A number 
of modalities to affect these improvements have been developed, but platforms 
incorporating some form of metal-enhanced fluorescence (MEF) have offered the most 
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significant signal enhancement values to date [53-55].  MEF comprises a number of effects 
metals can have on the photophysics of associated fluorophores, mainly increased 
excitation and radiative decay rates [53-55], but also increased non-radiative resonance 
energy transfer (RET) properties [56-58].  Chief among the mechanisms of MEF are 
localized and propagating surface plasmon resonance (SPR) occurring at the interface 
between a plasmonic active metal (e.g. gold, silver) and a dielectric layer (e.g. air, water) 
[5, 59-67].  Surface plasmons are defined as extant oscillating charges at a metal-dielectric 
interface [68]. These surface plasmon oscillations are intrinsic to the metal and are 
associated with the so-called plasma frequency (ωp) that can be observed as a steep dip in 
reflectance measurements.  Light at the plasma frequency is transmitted through the metal 
as the electrons in the metal are incapable of screening them.  The plasma frequency is 
most often located in the UV region for silvered metals (e.g. silver, aluminum) and 
decreases in frequency (increases in wavelength) to the visible range for metals such as 
gold or copper [69].  Coupling incident photons to the surface plasmons requires rigorous 
matching of the optical momentum of the incident photon to the surface plasmon.  When 
successful, resonance with the surface plasmons (i.e. SPR) is achieved and a surface 
plasmon polariton (SPP) is formed, an electromagnetic wave that propagates along the 
interface as well as to some depth into the dielectric or bulk medium. 
Propagating SPPs rely on a delicate balance of several parameters including the 
dielectric constants of the interfacing materials and angle of incidence of the incoming 
light, but additional modification of the light is usually required to match the wavenumber 
of the existing oscillating plasmons at the metal-dielectric interface [5, 62].  The 
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conditional equation for coupling light to an extant surface plasmon at a smooth metal-
dielectric interface is 
𝑘𝑠𝑝 =
𝜔
𝑐
√
𝜀𝑚𝜀𝑑
𝜀𝑚+𝜀𝑑
 – (Eq. 1) 
where ksp is the wave vector of the surface plasmon, ω is the resonant frequency, c is the 
speed of light, and εm and εd are the dielectric constants of the metal and dielectric, 
respectively [70].  Generally, the surface plasmon resonance condition cannot be reached 
in free space as ksp will be greater than the wave vector for the incident light (ko = ω/c) for 
any particular frequency of incoming light (Figure 2-2A).  Initial propagating SPP methods 
required the use of high-index prism coupling to account for the difference between the 
wave vector of the incoming light and the resonance wave vector of the oscillating 
plasmons in the metal, the most common being the Krestchmann and Otto configurations 
(Figure 2-2B,C) [66, 67].  This led to the modified dispersion relation equation 
𝑘𝑠𝑝 =
𝜔𝑜
𝑐
√
𝜀1𝜀2
𝜀1+𝜀2
= 𝑛𝑝
𝜔𝑜
𝑐
sin 𝜃𝑝 – (Eq. 2) 
where np is the index of the prism, ωo is the frequency of the incoming light, and θp is the 
angle at which the light travels through the prism.  However, periodically structured 
surfaces have also been shown to introduce additional momentum to the dispersion relation 
such that incident light can be coupled to SPPs in free space (i.e. without such bulky optical 
setups) [60-63, 65].  These extra terms are related to the grating order and pitch as seen in 
the grating dispersion relation 
𝑘𝑠𝑝 =
𝜔𝑜
𝑐
√
𝜀1𝜀2
𝜀1+𝜀2
= 𝑛𝑑
𝜔𝑜
𝑐
sin 𝜃𝑆𝑃𝑅 ±
2𝜋𝑚
𝛬
 – (Eq. 3) 
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where nd is the refractive index of the dielectric (i.e. √𝜀𝑑), θSPR is the angle of incidence, 
m is the diffraction order integer, and Λ is the grating pitch.  Continuous, nanoscale periodic 
metallic gratings enable free space coupling of the incident photons to surface plasmons, 
making them keenly appropriate platforms for optical sensors.  In fact, the angles required 
for coupling the visible wavelengths to the gratings are often within the acceptance cones 
of microscope objectives and microplate readers, making metallic gratings amenable 
surfaces for a number of chemical and biological sensing applications.  
Figure 2-2 (A) Dispersion relation indicating the light line (blue) and surface plasmon condition (solid 
red) [70]; (B) Kretschmann and (C) Otto prism configurations for surface plasmon resonance 
(wikipedia.org). 
 
SPR-enhanced fluorescence is achieved by incorporating the target fluorophore 
into or atop the dielectric layer with the exact mode of SPR enhancement determined 
primarily by the nanoscale structure of the metal layer.  Metal nanoparticles and nano-
islands exhibit localized surface plasmon effects (LSPR) [5, 57-59], while nanoscale 
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coalesced metal sheets and other continuous nanostructures produce a propagating surface 
plasmon polariton (SPP) [60-64].  SPPs have proven very useful for sensors as the 
plasmonic metal itself or interfacing dielectric coating can be used as the substrate for 
ligand attachment. 
 While metallic gratings have shown great promise as a uniform enhancing surface, 
their construction by electron beam lithography is prohibitively time-consuming and 
expensive for mass production of devices.  In response to this need, our group has recently 
developed a micro-contact printing process that provides a backbone for metallic 
plasmonic gratings using the periodic structure inherent to CDs, DVDs, and HD-DVDs as 
the master template [65].  The master mold is used to prepare a stamp of 
polydimethylsiloxane (PDMS) and then the polymer ink (polymethylsilsesquioxane, 
PMSSQ) is spin-coated on the stamp and transferred to a cleaned glass slide or silicon 
wafer.  The result is a highly stable PMSSQ ink grating with pitch ~395 ± 5 nm and height 
~60 ± 3 nm.  In addition to the grating structures, we have found that this micro-printing 
technique also results in spontaneous generation of nanoscale gaps as a result of stress that 
develops in the ink as the PDMS stamp is pressed and peeled off (Figure 2-3A,B).  These 
nano-gap-embedded polymer gratings provide the foundation for the metallic gratings, 
which are produced by RF sputter deposition.  After silver deposition, the incident light 
can be coupled resonantly to the surface plasmons in the gratings using specific 
wavelengths of light at their characteristic angles (θSPR) satisfying the equation above, as 
indicated by the dip in reflectance measured by ellipsometry.  These gratings were shown 
to offer more than 25× average enhancement over glass while the nano-gap regions have 
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an enhancement factor nearly 70× that of glass (Figure 2-3C).  Meanwhile, the maximum 
enhancement factor found for the gratings was ~36× with respect to glass, while the highest 
nano-gap regions were almost 120× brighter than the fluorescence from glass, an increase 
of more than two orders of magnitude from the same concentration of dye (Figure 2-3D). 
 
Figure 2-3 (a) Fluorescence and (b) bright-field images of Rhodamine 6G spin-cast on gratings with 
nano-gaps, note the gaps appear black under bright field, indicating low reflectance (i.e. coupling) of 
the light; (c) mean and (d) maximum fluorescence enhancement factors of nanostructured surfaces 
versus glass [65]. 
2.2.4 Fluorescence-based Sensing 
As can be seen, fluorescence is a delicate, yet consistent property of organic and 
semiconductor fluorophores.  With appropriate consideration for fluorophore stability, the 
Stokes’ shifted fluorophore emission can be used to identify the presence and, in some 
cases, quantity of an analyte of interest in a sensor architecture.  This require 
functionalization of the fluorophore to an analyte-specific reagent, often taking the form of 
a chemical or biological substrate [10, 14, 71-75], reactive binding element such as 
17 
 
antibody or molecularly imprinted polymer [3, 7, 9, 14], or fluorophore design for intrinsic 
analyte sensitivity [48, 49].  In-depth examination of fluorophore emission dynamics can 
provide further information leading to more powerful sensor data than simply looking at 
base fluorescence emission intensity.  Intensity alone is often considered a ‘weak’ 
measurement as the fluorescence is dependent upon excitation of a molecule existing in a 
bulk, often unknown fluid solution.  The presence of interfering analytes or quencher 
molecules, changes in physical environmental properties (e.g. temperature, pressure, pH, 
fluid solvent polarity or solid surface energy), bleaching as a result of photon-induced 
disruption of the molecular structure by bonding to some outside moiety (e.g. oxidation), 
and even the enhancing effects of SPR coupling can all have a confounding impact on the 
intrinsic fluorescence emission properties of a fluorophore that disrupts any quantitative 
analysis one might perform on intensity alone. 
2.2.5 Fluorescence Dynamics for Ratiometric Sensing 
Although intensity alone is ‘weak’ for analyte quantitation, sensor architectures that 
measure relative or ratiometric changes in fluorescence intensity between two (or more) 
time points can be used to assess the impact of the presence of analytes on the fluorophore 
system.  This often takes the form of resonant energy transfer (RET) between the excited-
state fluorophore (labeled as donor) and some other molecule (labeled as acceptor) capable 
of absorbing photons of energy associated with the donor emitted fluorescence.  Förster 
described a specific mechanism for RET that occurs when appropriate donor/acceptor pairs 
are within close proximity and which decays with inverse-sixth power order of the 
fluorophore separation distance (1/R6) [76].  The acceptor molecule in Förster RET (FRET) 
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can be a quencher or another fluorophore that absorbs photons at the emitted wavelength.  
In case of quenching, the fluorescence dynamic is a lights off (interaction → quenching) or 
lights on (interaction → fluorescence recovery) [10, 14, 77].  In the case of an absorbing 
fluorophore as acceptor, donor fluorescence is exchanged for that of the acceptor so that 
fluorescence is observed farther red-shifted than the donor fluorescence [78, 79].  FRET 
efficiency measured as the relative intensity of the two dyes is an extremely powerful 
transducer as the transfer occurs on very short length scales and only with appropriate 
dipole-dipole orientation and spectral overlap [45, 78].   
Other RET mechanisms exist including surface energy transfer (SET) [80], Dexter 
energy transfer (DET) [81], excimer/exciplex formation [82, 83], and contact/static 
quenching [84, 85].  SET refers to the aforementioned quenching of fluorescence by 
metallic surfaces [86, 87], which decays with distance 1/R4 as opposed to the 1/R6 
dependence of FRET.  Meanwhile, DET differs from FRET in that the excited state 
electron of the donor actually physically exchanges places with a ground state electron 
from the acceptor.  This means that the transfer must occur on extremely short distance 
scales (typically, <1 nm as opposed to ~10 nm for FRET) and there must again be spectral 
overlap between the molecules.  Excimer and static quenching are both processes in which 
a dimer is formed in the excited or ground state, respectively by π-π bond, hydrophobic 
interaction or even covalent bonding.  The difference between them is that 
excimer/exciplex supramolecular complex is only formed when the molecules are in the 
excited state whereas static quenching dimerization occurs in the ground state.  This 
dimerization leads to a band gap shift sufficiently far from the incident photon that no 
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excitation of the new supramolecular complex can take place.  Each of these quenching 
mechanisms has the effect of drastically reducing fluorescence intensity of the donor and 
can be used for detection of analytes.  Herein, we will focus on fluorescence quenching for 
detection of vapor-phase nitroaromatic compounds. 
2.3 Detection of Nitroaromatic Compounds 
2.3.1 Traditional Methods 
Trace vapor-phase detection of nitroaromatic (NA) compounds and their 
decomposition products is a central focus of sensor development for many defense 
applications including public venue security, detection of unexploded ordinance and 
improvised explosive devices, and remediation of environmental contamination (Figure 
2-4A) [16].  Conventional methods to detect NA compounds exploit the partial electron 
deficiency afforded by their electron-withdrawing nitro groups to form observable color 
complexes through induced dipole formation (i.e. Meisenheimer Complex) or absorb 
photoelectrons through contact quenching or DET (Figure 2-4B) [8, 16, 88-90].  It is this 
property that allows most NA to absorb photoelectrons through nonradiative transfer (i.e. 
fluorescence quenching) [8, 16, 89, 90].  However, fluorescence-based NA vapor sensors 
have experienced a number of setbacks with regard to sensitivity and selectivity due to 
photodegradation and quenching by nonspecific, chemically similar analytes [14, 89-92].  
The combined effect of low atmospheric vapor pressure of target NAs and large quantity 
of bulk fluorescent molecules inaccessible to the target quenchers means that the number 
of NA molecules required to effect an appreciable change in signal slows down the 
20 
 
detection process considerably.  As such, these methods have proved insufficient to 
accomplish the goal of real-time in situ NA vapor detection. 
 
Figure 2-4 (A) Common nitroaromatics and nitroamines [98]; (B) Charge transfer complex between 
TNT and APTES with associated absorbance curve overlapped with fluorescence of fluorescein (green) 
and ROX (red) dyes. Adapted from [99]. 
2.3.2 Molecularly Imprinted Polymers 
While fluorescence-based sensors have the potential to be quite powerful 
transducers of molecular interactions, traditional approaches applying fluorescence-based 
sensors to vapor-phase detection of NAs have experienced a number of significant issues 
forestalling the development of field-deployable sensors, especially sensitivity at trace 
levels and selectivity over chemically-similar analytes [8, 14, 89, 90, 92].  The low 
selectivity of some quenching-based sensors in general is due to the fact that there are 
several mechanisms by which fluorescence may be lost in the course of sensor use, 
including photodegradation and quenching by nonspecific electron-withdrawing groups 
(dubbed interfering analytes) such as nicotine [14, 89-92].  This issue has been addressed 
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to an extent by the advent of molecularly imprinted polymers (MIPs), a form of biomimicry 
that seeks to replicate the selectivity of protein-based sensors while circumventing the 
degradation issues of biologicals by replacing them with chemically-reactive porous sol 
gels [9, 50, 52, 91-97].  Briefly, functional monomers, in this case amine groups provided 
by 3-aminopropyltriethoxysilane (APTES), are combined with silica sol-gel precursors, the 
NA template, and NA-sensitive dyes [9, 50, 52].  The amine groups are known to form a 
charge transfer complex with NA molecules, which improve their spectral overlap with 
blue-green fluorescent molecules such as Fluorescein (FITC) and others [88, 91].  After 
reaction and template extraction, the remaining porous gel has a physicochemical binding 
site capable of capturing a NA molecule with some specificity over other molecules.  
While MIPs improve selectivity significantly over unmodified thin films of 
fluorophores, sensitivity issues represent a much different class of engineering problem.  
Even MIP sensors can lack sensitivity in the field due to low signal-to-noise ratio (SNR), 
a result combining the low atmospheric vapor pressure of nitroaromatics (especially TNT 
and RDX) at typical temperatures encountered in the field, the one-for-one quenching 
response of FITC to NA, and the intensity of that single affected fluorophore relative to the 
unaffected bulk remaining [92, 100].  In order for the vapor concentrations encountered in 
typical real-world exposure events to have a meaningful impact on MIP fluorescence 
intensity, the number of fluorophores must be extremely small, corresponding to low signal 
and thus low SNRs.   
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2.4 Conjugated Polymers 
2.4.1 Introduction to Polymers 
 Polymers are macromolecules comprising repeating subunits (i.e. monomers) 
joined together in environmental conditions conducive to reaction between activated 
functional groups at the ends of each monomer [101, 102].  This reaction can be promoted 
or controlled by temperature, pressure, the presence of catalysts, as well as the functional 
groups themselves, resulting in a polymer chain a number of subunits long determined by 
the specific reaction conditions.  The resultant polymers can be classified by length, shape, 
backbone composition, and functional side groups.  Length or degree of polymerization 
refers to the number of monomers making up the polymer and include dimers (two 
subunits), trimers (three subunits), and longer “n-mers” (n subunits) and is calculated by 
dividing the overall polymer molecular weight by that of the monomer (DP = Mn/Mo, 
where DP is the degree of polymerization, Mn is the molecular weight of the polymer, and 
Mo is the molecular weight of the monomer).  Shapes include linear, star, combs, brushes, 
and many other composites of these.  Bonds making up polymer backbones include organic 
carbon-carbon (C-C) bonds, peptide (C-N) bonds, or metal oxides (e.g. Si-O), among 
others.  The side groups can be further organic or inorganic ligands and provide the polymer 
with specific functionality, miscibility, strength, and other physicochemical properties.  
Using a single monomer type can produce homopolymers while multiple monomer species 
result in copolymers.  Considering polymers made of two different monomer species, 
labeled A and B, possible copolymer arrangements include alternating (A-B-A-B-), 
periodic (A-A-B-B-B-), block (A-A-A-B-B-B-), as well as grafted or branched versions of 
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each of the above.  Generation of each of these polymer types requires careful consideration 
to the reactants and order of reaction, as well as proper reaction quenching to prevent over-
extension of a particular polymer block or branch.  Through appropriate design, polymers 
capable of extraordinary temporary or permanent higher order structures can be created 
[103, 104].  Indeed, most complex biomolecules including proteins and nucleic acids 
(DNA, RNA) can be considered as polymers [105-107]. 
2.4.2 Polymer Thin Film Stability 
Stable polymer solutions can be made in appropriate solvents provided a polymer 
or set of polymers is not auto-reactive (i.e. reactive with itself or other ligands present) at 
the chosen temperature, pressure and solvent conditions [102, 108-111].  Polymers can, 
thus, be mixed into complex, useful formulations (e.g. friction-resistant silicone grease), 
molded and die cast into solid forms (e.g. polyvinyl chloride, PVC, used in piping), or cast 
onto solid surfaces.  The mechanisms of each of these possible end products relies on the 
interplay between functional groups and, more importantly, their associated surface energy 
densities with reference to that of the solvent and other compounds [75, 112-115].  Surface 
energy density refers to the excess energy at the surface boundary of a material with respect 
to the bulk of that material and is usually given in J/m2 or mJ/m2 [112, 113].  When the 
surface energy densities of the polymer and solvent are similar, surface formation can be 
energetically favored and so multiple surfaces can form and the materials “go into” 
solution.  A similar process occurs for interfaces between polymers and solid surfaces, with 
successful surface formation called wetting the surface [111, 113, 116, 117].  Meanwhile, 
the polymer will be immiscible with a surface former if the difference in surface energy 
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densities is sufficiently large, resulting in aggregation and polymer collapse out of the 
solution phase (i.e. phase separation) or dewetting from a solid surface (Figure 2-5) and 
the formation of a contact angle with the surface higher than 0°. 
 
Figure 2-5 AFM images of a 45 Å polystyrene film dewetting from silica [111]. 
 
The conditions for entropic collapse of the polymer away from the interfacing 
material are defined by a complex relationship between thermal energy, composition, and 
surface energy densities that are often described by a spinodal curve.  The term ‘spinodal’ 
refers to the set of critical temperatures and relative pressures bounding the regions where 
metastable mixtures can exist.  Outside of the spinodal, phase separation is inevitable.  
Spinodal decomposition is the phase separation of mixtures of two immiscible or only 
conditionally miscible liquids (e.g. oil and water) while spinodal dewetting is the related 
thin film-surface phenomenon [116, 117].  In the case of liquid-solid interfaces, droplet 
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formation is virtually instantaneous (e.g. water contact angle ≥ 90° on hydrophobic 
surfaces) due to the motility of the material in liquid form.  In the polymer thin film case, 
materials with high contrast in surface energy density to the underlying substrate (defined 
by polar and Van der Waals forces) begin to pull away from the surface and coalesce into 
oblate spheroid droplets to minimize the contact surface area-to-volume ratio.  Surface 
undulation of the polymer film takes place over relatively longer time periods relative to 
liquid-solid interfaces as a function of film height (h), thickness fluctuation (δh), and the 
undulation growth rate (R) given by [111] 
𝑍(𝑥, 𝑡) = ℎ + 𝛿ℎ𝑒𝑖𝑞𝑥 – Eq. 4 
where 𝛿ℎ = 𝛿ℎ0𝑒
𝑅𝑡.  Film instability arises at these growing undulations if the effective 
Hamaker constant (A, the measure of Van der Waals interactions of a number of bodies of 
two types in a unit volume) is negative.  Direct observation of this phenomenon requires 
that the thickness fluctuation, undulation growth rate, and Hamaker constant be such that 
AFM can be performed on the intermediate steps (Figure 2-5). 
2.4.2 Conjugated Polymers 
Conjugated polymers (CJPs) or, more specifically, π-conjugated polymers are a 
unique class of organic polymers defined by alternating carbon-carbon double bonds (i.e. 
-C-C=C-C-) in the polymer backbone [12, 13, 33, 34, 118, 119].  Potential conjugated 
polymer backbones include strictly linear backbones (e.g. polyacetylenes), ringed 
backbones (e.g. poly-phenylenes, poly-thiophenes, poly-pyrroles) and composite 
linear/ringed backbones (e.g. poly-phenylenevinylenes) (Figure 2-6). Most organic 
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polymers consist of only σ-bonded carbons with strongly held s-orbital electrons or 
localized π electrons in some portion of a side group ligand.  Conjugated polymers differ 
in that the conjugated π electrons are highly delocalized from their native positions on the 
molecule, meaning electrons can potentially diffuse across the entire length of the molecule 
or between multiple molecules if sufficient π-π overlap exists.  Delocalization across the 
polymer system produces a higher density of electronic states, extending the valence and 
conduction bands and lowering the overall energy gap between them [33].  Through 
appropriate tuning of the molecular structure and conjugation length, polymers of specific 
absorbance spectra can be generated. 
Figure 2-6 Common conjugated polymers (photonicswiki.org). 
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2.4.3 Fluorescence-based Sensing with Conjugated Polymers 
Fluorescent conjugated polymers have begun to replace traditional organic 
fluorophores as signal generators for chemosensors over the last decade as their structure 
provides a largely delocalized π* electron state, which allows single analyte binding events 
to result in multiple fluorescence quenching events [6, 11-13, 17, 18, 119].  Their unique 
molecular structure produces delocalized π* electron states that permit significantly longer 
exciton and excited electron travel or ‘diffusion’ distances than traditional organic 
molecules, resulting in widespread, dynamic changes in fluorescence in the presence of 
target analytes [118, 120].  In particular, the conjugated polymer poly-[2-methoxy-5-(2-
ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV) has been shown to display a rapid 
quenching response in the presence of nitroaromatics due to its advantageous 
optoelectronic properties and electron-rich alkoxy side groups, which provide a conduit for 
excited state electron diffusion and transfer to the electron-deficient nitroaromatics [6, 11, 
13, 15, 17, 100].   
Fluorescent conjugated polymers (CJPs) have recently arisen as powerful signal 
transducers for solution- and vapor-phase chemical and biological sensors due to their 
advantageous electrochemical properties and flexible chemical composition [119].  One 
prominent example in recent years has been the detection of NA compounds (e.g. TNT and 
RDX) [13, 15, 26, 119, 121].  CJPs such as poly-[2-methoxy-5-(2-ethylhexyloxy)-p-
phenylenevinylene] (MEH-PPV), display distinctly higher sensitivity over the one-for-one 
quenching response of traditional organic fluorophores as a result of the band gap of MEH-
PPV overlapping with the lowest unoccupied molecular orbital (LUMO) of several NA 
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compounds and the electron-rich alkoxy side groups of MEH-PPV, which provide a 
conduit through which the excited state electron can travel to the NA molecule.  
Unfortunately, MEH-PPV and other conjugated polymers degrade rapidly in the 
presence of oxygen and moisture through the oxidation of the vinylene groups to carbonyls, 
a problem exacerbated by exposure to light [122-125].  Several methods have been used to 
try to stabilize conjugated polymer films, including copolymerization with oxygen-
resistant sub-groups, co-deposition with oxygen scavengers, and sealing under inert 
conditions [33, 126].  Yet while these methods avoid oxidation problems for organic light 
emitting diodes, solar cells, and other related applications, these arrangements are not 
conducive to sensing applications where the polymer should be exposed to the analyte of 
interest.  Meanwhile, our lab has worked for several years on the development of thin oxide 
films (silica, alumina, etc.).  Some of the thinnest films can be microporous as indicated by 
refractive index.  Thus, we proposed the development of a microporous oxide thin film as 
a semi-permeable passivation layer over the conjugated polymer film, which may offer 
protection from photo-oxidation while allowing molecular diffusion to a degree that 
quenching may still occur. 
Unfortunately, instability of the alternating vinylene bonds in the presence of 
oxygen and moisture has so far limited the application of conjugated polymers such as 
MEH-PPV to long-term, deployable sensors in real-world conditions [123-125, 127].   
Copolymerization with oxygen-resistant sub-groups, co-deposition with oxygen 
scavengers, and sealing under inert conditions adequately avoid the problem of oxidation 
[33, 126, 128, 129],  but such arrangements are not conducive to direct sensing applications 
29 
 
and suffer from much slower response times than unmodified thin films due to structural 
changes that adversely affect the polymer’s optoelectronic properties [26].  Identifying an 
unobstructive passivation process to exclude environmental sources of oxygen while 
simultaneously retaining interactivity with analytes of interest is of critical importance to 
realizing a stable, portable fluorescent conjugated polymer sensor.   
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CHAPTER 3 PLASMONIC-ENHANCED CONJUGATED 
POLYMER FLUORESCENCE CHEMOSENSOR FOR 
TRACE NITROAROMATIC VAPOR DETECTION 
 
3.1 Introduction 
Trace vapor-phase detection of nitroaromatic (NA) explosive compounds and their 
decomposition products is a central focus of sensor development for many defense 
applications including public venue security, detection of unexploded ordinance (UXO) 
and improvised explosive devices (IEDs), and remediation of environmental contamination 
[11, 13, 15-17].  Sensing NA compounds centers around their partial electron deficiency 
stemming from the destabilizing effect of the electron withdrawing nitro groups spaced 
around the aromatic ring [8, 16, 89, 90].  It is this property that allows 2,4,6-trinitrotoluene 
(TNT) and dinitrotoluene (2,6-DNT and 2,4-DNT) to form observable, colored charge 
transfer complexes with electron donors under certain conditions (e.g. Meisenheimer 
complex with organic amines) and absorb photoelectrons through non-radiative energy 
transfer [8, 16, 89, 90].  However, conventional approaches applying optical transducers to 
vapor-phase detection of NAs have experienced a number of significant issues forestalling 
the development of long-term field-deployable sensors: sensitivity with low-power optics, 
selectivity over interfering analytes, and robustness under harsh environmental conditions 
[8, 14, 89, 90, 92].  Traditional organic dyes such as Fluorescein and Rhodamine 
derivatives are rapidly and efficiently quenched by NA as single molecules, but have a 
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tendency to exhibit poor signal-to-noise ratio (SNR) in practical vapor sensor setups, a 
combined effect of the low atmospheric vapor pressure of target NAs at typical 
temperatures encountered in the field, the one-for-one quenching response of these 
fluorophores to NAs, and the percent intensity change caused by a single affected 
fluorophore relative to the remnant unaffected bulk fluorescence [92, 100].  In order for 
typical trace concentrations encountered in real-world exposure events to have a 
meaningful (i.e. statistically significant) impact on fluorescence intensity, the number of 
fluorophores must be extremely small, which results in low SNR.   
More recently, fluorescent conjugated polymers, originally developed for organic 
light-emitting diodes (OLEDs), have begun to replace traditional organic fluorophores as 
signal generators in NA sensing applications [6, 11-13, 17, 18].  Conjugated polymers are 
unique molecular structures with alternating π-bonded carbon (C=C) atoms, which provide 
highly delocalized π* electron states that allow excited state electron diffusion distances in 
the range of 10-20 nm [130], far longer than the few angstroms afforded by typical organic 
fluorophores [11, 18].  This excited state electron diffusion can be visualized in the form 
of a widespread, reversible fluorescence quenching response to single analyte binding 
events.  In particular, poly-[2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene] (MEH-
PPV), has shown the most rapid quenching response in the presence of NAs compared to 
similar conjugated polymers such as poly(2,3-diphenyl-5-n-decyl-p-phenylenevinylene) 
(DP10-PPV) and poly[1-(p-n-butylphenyl)-2-phenylacetylene] (BuPA) due to its band gap 
overlapping with the lowest unoccupied molecular orbital (LUMO) levels of TNT and 
DNT, extended excited state electron diffusion distance from its more planar backbone, 
32 
 
and the more polar, electron-rich alkoxy side groups, which are believed to provide a 
conduit for excited state electron transfer to the electron-deficient NAs unavailable in the 
non-polar DP10-PPV and BuPA [6, 13].   
Unfortunately, while MEH-PPV and other conjugated polymers show great 
promise as ultra-sensitive chemical sensors in the laboratory setting, a number of problems 
prevent their immediate application to portable, long-term deployable sensors.  Most 
importantly, the alternating vinylene bonds are susceptible to rapid degradation in the 
presence of oxygen and moisture in open, ambient air through C=C oxidation to carbonyls 
or alcohols, respectively, a problem exacerbated by exposure to light [122-125, 127].  As 
such, exposing conjugated polymer thin films leads to severely reduced fluorescence 
within seconds of exposure to excitation light.  Several methods have been used to attempt 
to stabilize conjugated polymer films, including copolymerization with oxygen-resistant 
sub-groups, co-deposition with oxygen scavengers, and sealing under inert conditions [33, 
126, 128].  While these methods adequately mitigate the problem of photo-oxidation for 
OLEDs, dye-sensitized solar cells, and other related applications, such arrangements are 
not conducive to sensing applications where the polymer should be exposed to the analyte 
of interest and the sensitivity is reduced.  Prior attempts to use these methods suffered from 
response times several orders of magnitude slower than unmodified thin films due to 
complete passivation or changes in the structure that adversely affect the conjugation 
length or optoelectronic properties [26].  Thus, identifying methods to exclude 
environmental sources of oxygen while simultaneously retaining rapid, measurable 
interactivity with analytes of interest is of critical importance to realizing a stable, portable 
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fluorescent conjugated polymer chemosensor.  A semi-permeable membrane capable of 
screening out harmful moieties while simultaneously allowing selective access to the 
polymer by the analyte of interest would be ideal.  In this work, we explore the use of an 
ultra-thin oxide thin film as a semi-permeable passivation layer over the MEH-PPV film, 
which may offer protection from photo-oxidation while allowing molecular diffusion to a 
degree that rapid quenching may still occur. 
SNR, optoelectronic properties, and photostability can be further tuned and 
potentially improved by engineering the underlying substrate to provide intrinsic signal 
amplification, which can expand sensor dynamic range and lower the limit of detection 
without necessitating noise-enhancing signal post-processing.  Fluorescence-based sensors 
can be further improved by engineering the underlying substrate to provide intrinsic signal 
amplification through enhancement of excitation and radiative decay rates (i.e. metal-
enhanced fluorescence, MEF) [53, 55, 131] and energy transfer properties [56-58].  Chief 
among the mechanisms of MEF are localized and propagating surface plasmon resonance 
(SPR) effects occurring at the interface between a plasmonic active metal (e.g. silver, gold) 
and a fluorescently labeled dielectric layer [5, 59, 64, 66, 67].  The exact modes of 
enhancement are determined by the nanoscale structure of the metal layer.  Continuous, 
nanoscale periodic metallic gratings enable free space coupling of the incident photons to 
surface plasmons, making them keenly appropriate platforms for optical sensors [60-63].  
While a number of groups have reported MEF of FCPs using nanostructured metal 
surfaces, the focus has remained in large part on their use for semiconductor lasers [132-
135].  In the present work, we present a stable, plasmonic-enhanced quenching-based 
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fluorescence sensor to detect NA using MEH-PPV coated over a silver grating surface.  
These gratings have been produced by a recently developed low-cost micro-contact 
printing process that takes advantage of the periodic structure of HD-DVDs as a template, 
replacing prohibitively expensive construction methods such as electron beam lithography 
[65].  Furthermore, we investigate the addition of an ultra-thin oxide film as a passivation 
layer to mitigate photo-oxidation.  These substrates are evaluated against equivalent films 
on SiO2-coated silicon in terms of their stability during use and extended storage in ambient 
conditions as well as time-sensitive response to model NA 2,4-DNT.  
3.2 Experimental Section 
3.2.1 Chemicals and Materials 
Standard glass microscope slides were purchased from Fisher Scientific 
(Pittsburgh, PA) and silicon wafers from MEMC (St. Peters, MO).  Polydimethylsiloxane 
(PDMS, Sylgard®  184, Dow Corning, Inc.), poly-[2-methoxy-5-(2-ethylhexyloxy)-p-
phenylenevinylene] (MEH-PPV, Mn 40,000-70,000), 2,4-Dinitrotoluene (2,4-DNT), 1,3-
Dinitrobenzene (1,3-DNB), Nitrobenzene (NB), hydrofluoric acid (HF), ammonium 
fluoride (NH4F), and all organic solvents were purchased from Sigma-Aldrich (St. Louis, 
MO) and  polymethylsilsesquioxane (PMSSQ, GR650F) from Techneglas (Perrysburg, 
OH).   
3.2.2 Substrate Preparation 
 Silver plasmonic gratings were made by an in-house developed micro-contact 
printing process described previously [65].  Briefly, silicone elastomer (Sylgard®  184) 
was mixed in a 5:1 ratio of base to crosslinker, then poured and cured over an isopropanol-
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cleaned HD-DVD to generate a master mold.  Cured silicone was then cut into 1 cm × 1 
cm stamps and used to print the polymer ink, 3% (w/w) PMSSQ dispersed in ethanol, onto 
freshly-cleaned silicon.  The silicone stamp was peeled off after a few seconds and the 
polymer ink allowed to dry in ambient laboratory conditions.  The PMSSQ gratings were 
then transferred to an AJA RF Magnetron sputter system and a 2 nm titanium adhesion 
layer was deposited followed by 100 nm silver using 100 W RF power, 20 sccm argon 
flow, and 4 mTorr working pressure.  Samples were then stored in a nitrogen-purged glove 
box prior to further use.  
 For comparison of quenching activity, and evaluation of enhancement factor 
samples were prepared on silicon with varying thicknesses of thermally grown silicon 
oxide (SiO2) since silicon is known to quench fluorescence within short distances and 
optical interference occurs at thicknesses greater than ~100 nm [72, 136].  Before oxide 
growth, each 5 cm × 5 cm silicon wafer piece was cleaned by sonication in successive baths 
of acetone, methanol, and deionized water (18.2 MΩ-cm) and then dipped in 1:10 HF:H2O 
for 1 minute to remove the native oxide layer and hydrogen passivate the surface.  Dry 
thermal SiO2 was grown at 1100 °C by flowing 5 cfm oxygen in a quartz tube furnace for 
30 minutes and etched to different thicknesses by 1:15 HF:NH4F buffered oxide etching 
solution for 0-300 s [137, 138].  Etched SiO2 thicknesses were verified by variable angle 
spectroscopic ellipsometry (VASE, J.A. Woollam, Inc.) using the Cauchy model to 
estimate optical constants. 
Immediately prior to spin-casting MEH-PPV, all substrates were cleaned 
thoroughly with acetone, methanol, and 2-isopropanol, blown dry with nitrogen, and 
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transferred to the glove box.  MEH-PPV was dispersed in chloroform to 0.5, 2, or 4 mg/mL 
(0.05, 0.2, or 0.4% w/v) and spin-cast at 3000 rpm for 30 seconds and stored in vacuum 
overnight to ensure removal of excess solvent.  Some of these substrates were then 
transferred to a Kurt J. Lesker electron beam physical vapor deposition (PVD) chamber 
and capped with 5 nm SiO2 (deposition rate tuned to 0.05 Å/s).  All substrates were then 
stored in the glove box until measurement.   
3.2.3 Substrate Characterization 
Thickness and optical properties of the thermal oxide spacer layer, MEH-PPV 
layer, and PVD oxide capping layer were characterized by variable angle spectroscopic 
ellipsometer (VASE, J.A. Woollam, Inc.).  Due to the extremely high and broad optical 
absorbance of MEH-PPV, spectroscopic ellipsometry and transmission measurements 
were performed first on glass to verify thickness and optical constants.  A separate silicon 
substrate dipped in 1:10 HF:H2O was used to characterize the capping layer thickness. 
AFM images of the substrate surfaces were collected on an Agilent 5500 microscope in 
tapping mode.  Grating reflectance measurements for each MEH-PPV condition were 
acquired by ellipsometer by orienting the gratings vertically and using p-polarized light.  
Angles were varied from the instrument minimum at 15° up to 40° and wavelength from 
470 – 650 nm. 
3.2.4 Intensity, Bleaching, and Long-term Stability 
Fluorescence spectra and images were acquired on an Olympus BX51W1 epi-
fluorescence microscope using a 300 W Xenon lamp using the Semrock FITC-LP01 Filter 
(Excitation: 475 nm ± 15 nm band pass / Emission: 516 nm long pass) or R6G Filter 
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(Excitation: 520 nm ± 10 nm band pass / Emission: 542 nm long pass) and appropriate 
combination of focal stop and 25% and 6% neutral density filters to reduce areal 
illumination, bleaching, and photodetector saturation (actual illumination ~2 mW/cm2).  
Spectra were acquired using an Ocean Optics USB-4000 spectrometer and analyzed for 
peak position and absolute and relative intensities by PeakFit v4.12 (Systat Software, Inc.).  
Images were also taken using a Hamamatsu ORCA-Flash 2.8 CMOS camera with 
integration times: 20, 40, 60, 80, and 100 ms and 200× equivalent gain and were analyzed 
by ImageJ particle analysis tool to correlate enhancement due specifically to the nanogap 
regions [139].  Bleaching studies were carried out by measuring spectra under continuous 
illumination for up to one minute.  Some substrates were also stored wrapped in foil and 
kept in ambient environmental conditions for up to two months.  Fluorescence 
measurements were taken periodically and compared to the initial values. 
3.2.5 Response to Dinitrotoluene and other Nitro-containing Compounds 
 MEH-PPV sensor response to 2,4-DNT was evaluated using the BX51W1 
microscope in ambient conditions in a manner similar to Östmark et al. [100].  Briefly, a 
20 mL glass vial was filled with ~2 g dry 2,4-DNT powder and covered by several layers 
of cotton gauze to prevent direct physical contact [11, 13].  Samples were placed into the 
container face-up on the cotton and capped for a specified period of time (10-1200 s) to 
expose them to saturated 2,4-DNT vapor (~300 ppb).  The samples were removed from the 
vial and measured immediately (1-2 seconds) to prevent recovery by diffusion out of the 
film.  Care was also taken to limit exposure to light in order to reduce photobleaching 
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effects.  Fluorescence recovery after removal from the vapor source was also monitored 
for several hours after the experiment.   
3.3 Results and Discussion 
3.3.1 MEH-PPV Film Morphology 
Schematics of the capped ultra-thin MEH-PPV films on plasmonic gratings and 
SiO2-coated silicon substrates are given in Figure 3-1A,B and corresponding AFM images 
in Figure 3-1C-K.  MEH-PPV film thickness on SiO2-coated silicon was found by 
ellipsometer to be 6.5 nm, 13 nm, and 30 nm for 0.05%, 0.2%, and 0.4% (w/v) solutions, 
respectively.  These were confirmed independently by an AFM scratch test on the 13 nm 
film as well as by performing spectroscopic ellipsometry and transmission measurements 
on uncapped MEH-PPV thin films spin-cast on glass as reliable modeling of thickness and 
refractive index is difficult for extremely thin and highly absorbing films [140, 141]. 
AFM imaging revealed a complex, undulating MEH-PPV thin film morphology 
caused by the onset of surface energy-mediated spinodal dewetting from the pristine SiO2 
surface (Figure 3-1C,F,I) [111].  Spinodal dewetting is a thin film phenomenon related to 
spinodal decomposition [116, 117] (e.g. phase separation) of mixtures of two immiscible 
or only conditionally miscible liquids (e.g. oil and water).  The term ‘spinodal’ refers to a 
set of critical temperatures and relative pressures bounding the regions where metastable 
mixtures can exist.  Outside of the spinodal, phase separation is inevitable.  Such separation 
can occur with liquid-liquid mixtures as well as at interfaces of solids/liquids/gases with a 
solid substrate.  In the thin film case, materials with high contrast in surface energy density 
to the underlying substrate (defined by polar and Van der Waals forces) begin to pull away 
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from the surface and coalesce into spheroid droplets to minimize the contact surface area-
to-volume ratio.  In the case of liquid-solid interfaces, droplet formation is virtually 
Figure 3-1 (A,B) Schematic of capped plasmonic-enhanced fluorescence-based chemosensor; (C-K) 
AFM images and height profile of the oxide-capped MEH-PPV thin films of various thicknesses on 
(C,F,I) SiO2-coated  silicon, (D,G,J) flat silver, and (E,H,K) plasmonic silver gratings, respectively. 
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instantaneous (as in contact angle measurement) due to the motility of the material in liquid 
form.  Meanwhile, for solid film-solid interfaces, surface undulation takes place over 
relatively longer time periods as a function of film height (h), thickness fluctuation (δh), 
and the undulation growth rate (R) (see section 2.4.2) [111].  Film instability arises at these 
growing undulations if the effective Hamaker constant (A, the measure of Van der Waals 
interactions of a number of bodies of two types in a unit volume) is negative.  Direct 
observation of this phenomenon requires that the thickness fluctuation, undulation growth 
rate, and Hamaker constant be such that AFM can be performed on the intermediate steps.  
While these steps were not able to be observed on MEH-PPV films on silica, the final result 
matches the characteristics of spinodal dewetting sufficiently to conclude it as such.  The 
primary reason for MEH-PPV dewetting is due to a mismatch of surface energy density 
between the MEH-PPV (γ ≈ 26 mJ/m2 as measured on ITO) [142] and the freshly cleaned 
SiO2 surface (γ ≈ 71-77 mJ/m2) [113].  Significant improvements to polymer dissolution 
techniques were undertaken to reduce dewetting as much as possible, but some were 
unavoidable due to the use of chloroform as the solvent.  Toluene, p-xylene, and other 
aromatic solvents may be used to alleviate some of the chemical pressures associated with 
particulate formation in a relatively poor solvent such as chloroform, but may lead to more 
orderly alignment through increased π-π interaction, which reduces the fluorescence 
efficiency of the material [143, 144].  Furthermore, “better” (i.e. more non-polar, aromatic) 
solvents would not address the underlying surface energy mismatch between MEH-PPV 
and SiO2.  Utilizing a non-polar self-assembled monolayer (SAM) such as 
octodecyltrichlorosilane (OTS) (γ ≈ 20-25 mJ/m2 [113]) may improve surface energy 
41 
 
matching on SiO2, but more care would need to be taken with regards to silver, especially 
given that increased distance from the surface as well as degradation and oxidation by 
silane and solvents reduce plasmonic coupling efficiency.  Furthermore, it was noted that 
capping the films appears to halt or significantly retard the dewetting process as capped 
films were stable for months.  As such, the overall process was not modified to include 
OTS treatment. 
  Film thickness and surface roughness (Ra) on SiO2-coated silicon measured by 
AFM were in fairly good agreement with ellipsometer measurements: 8 nm (1.82 nm), 15 
nm (1.82 nm), and 20 nm (2.51 nm) for 0.05%, 0.2%, and 0.4%, respectively.  MEH-PPV 
on flat silver (Figure 3-1D,G,J) had similar apparent thickness and roughness: 7 nm (3.75 
nm), 12 nm (2.1 nm), and 22 nm (2.56 nm).  The larger increase in Ra for the thinnest film 
on both flat silver and the gratings is due to contributions from the underlying silver grains 
(Figure 3-1D,E).  MEH-PPV spun on the metallic gratings planarized the grating grooves 
with apparent height reduction compared to the uncoated grating height (60 nm) of ~20 nm 
for 0.05% and ~35 nm  for 0.2% while the 0.4% concentration completely planarized the 
grating structure and shows densely packed grains (Figure 3-1E,H,K) [65].  This 
perturbation of the periodic structure can have deleterious effects on the plasmonic 
coupling of the incident excitation energy as will be shown in the next section.  Thickness 
and surface roughness data are summarized in Table 3-1 and Table 3-2. 
 Capping MEH-PPV with a thin film by electron beam evaporation is an inherently 
delicate process as the technique introduces energized material capable of oxidizing the 
polymer.  Ultra-thin films (<50 nm) of MEH-PPV have extremely low tolerance of ambient 
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atmosphere or oxidizing conditions, resulting in rapid photobleaching [145].  Care was 
taken to perform PVD oxide deposition in the absence of excess oxygen flow or post-run 
high-temperature annealing to prevent complete oxidation of the underlying MEH-PPV 
film.  Optical properties of the PVD silicon oxide capping layer were measured on a 
hydrogen-passivated silicon substrate.  Oxide thickness was found by spectroscopic 
ellipsometry to be 5 nm and AFM measurement revealed very low intrinsic surface 
roughness (Ra = 0.28 ± 0.03 nm).  Film density is also critically important as it represents 
the layer discontinuity or porosity through which analytes may diffuse into the polymer 
beneath.  However, it is simultaneously important to limit diffusion pathways for oxygen 
and moisture so a delicate balance between porosity and protective layer attributes must be 
maintained.  The measured PVD oxide refractive index at 630 nm (n = 1.38) confirms a 
lower density than bulk SiO2 (n = 1.46), as expected when curbing deposition during the 
initial stages of thin film growth.  The void fraction or ‘air’ space comprising pores of the 
Table 3-1 Concentration-dependent MEH-PPV Thickness on SiO2 
[MEH-PPV] d (nm) Std Err RI Std Err 
0.05% 6.77 0.44 1.653 0.027 
0.1% 10.07 0.29 1.665 0.055 
0.2% 12.68 0.11 1.676 0.004 
0.3% 19.83 0.80 1.686 0.0115 
0.4% 29.17 0.25 1.721 0.007 
 
Table 3-2 Sample Surface Roughness, Ra ± SD (nm) 
Sample Native 0.05% 0.05% 0.05% 
SiO2 0.28 ± 0.03 1.82 ± 0.05 1.82 ± 0.01 2.51 ± 0.03 
Ag Flat 5.93 ± 0.65@ 3.75 ± 0.1 2.1 ± 0.06 2.56 ± 0.06 
Ag Grating (peak) 5.07 ± 0.45@ 3.44 ± 0.13 1.73 ± 0.06 3.01 ± 0.07* 
Ag Grating (valley) 6.4 ± 1.04@ 3.8 ± 0.21 1.79 ± 0.18 3.01 ± 0.07* 
*Grating structure no longer visible, indicating complete filling. 
@Silver substrates were ~1 yr old at measurement and showed signs of possible 
degradation. 
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PVD oxide was evaluated by the Bruggeman model for effective medium approximation 
[146], which defines the void fraction f as  
𝑓
𝜀𝑣−𝜀𝑒𝑓𝑓
𝜀𝑣+2𝜀𝑒𝑓𝑓
+ (1 − 𝑓)
𝜀𝑠−𝜀𝑒𝑓𝑓
𝜀𝑠+2𝜀𝑒𝑓𝑓
= 0 – (Eq. 4) 
in terms of the solid, void, and effective dielectric constants εs, εv, and εeff, respectively.  
This is an electrically-defined approximation assuming the materials are simple dielectrics 
over the defined range (e.g. SiO2, PMSSQ, Al2O3, water, air, etc.) and assuming the total 
effect of the film on the mean electric field is zero.  Since the imaginary extinction 
coefficient k of the dielectric constant [𝜀 = (𝑛 + 𝑖𝑘)2] of simple dielectrics is negligible in 
their range of dielectric effect, the dielectric constant of the PVD oxide and constituents 
can be approximated as 𝜀 ≈ 𝑛2 and, thus, the equation becomes a function of the refractive 
indices of air, SiO2, and the overall film.  Solving for the void volume fraction (i.e. film 
porosity): 
𝑓
𝑓−1
=
(
𝜀𝑠−𝜀𝑒𝑓𝑓
𝜀𝑠+2𝜀𝑒𝑓𝑓
)
(
𝜀𝑣−𝜀𝑒𝑓𝑓
𝜀𝑣+2𝜀𝑒𝑓𝑓
)
= 𝐶 – (Eq. 5) 
𝑓 =
𝐶
𝐶−1
 – (Eq. 6) 
Defining εs ≈ (1.46)2 (i.e. SiO2), εv ≈ (1.003)2 (i.e. air), and εeff ≈ (1.38)2, the void fraction 
was found to be f ≈ 0.17, which is sufficient to suggest sparsely distributed and 
disconnected (closed) pores.  Thus, this ultra-thin oxide layer represents a good candidate 
for a capping layer and was studied for its effects on sensor performance. 
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3.3.2 Photophysical Characterization 
Figure 3-2A-D shows the reflectance spectra for each of the capped MEH-PPV-
coated grating samples with increasing film thickness with respect to plain, unmodified 
silver gratings.  Multiple dips and features are visible in each angle scan, corresponding to 
the intrinsic, angle-independent silver inter-band absorption peak (~320 nm), characteristic 
polymer absorption (optical band gap 2.1 eV corresponding to 590 nm), and pairs of sharp 
dips in reflectance at wavelengths corresponding to the lower and upper grating-coupled 
modes for a particular angle (m = ±1).  As mentioned above in Section 3.1, the grating-
coupled modes are given by the dispersion relation 
𝑘𝑠𝑝 = 𝑘𝑜√
𝜀𝑚𝜀𝑑
𝜀𝑚+𝜀𝑑
= 𝑛𝑑𝑘𝑜 sin 𝜃𝑆𝑃𝑅 ±
2𝜋𝑚
𝛬
 – (Eq. 3) 
where ksp is the wavevector of the intrinsic surface plasmons, ko is the wavevector of the 
incident light, 𝜀𝑚 is the dielectric constant of the metal, 𝜀𝑑 is the dielectric constant of the 
dielectric, nd is the refractive index of the dielectric, m is the order of the grating mode, and 
Λ is the grating pitch [65].  The grating coupled modes at 15° for the gratings with silver-
air interface (Figure 3-2A) are located at 387 nm and 532 nm.  From the above equation, 
we expect and observe a red shift in the grating-coupled wavelengths on increasing 
polymer thickness as the dielectric interfacing with the gratings changes from that of air 
(~1) to MEH-PPV (~1.8) (Table 3-3) [141].  From Table 3-3, we also see that the quality 
factors of the dips Q increases slightly with increasing thickness while γ decreases for plain 
Ag gratings and the 6.5 nm equivalent film on gratings while increasing for 13 nm and 30 
nm equivalent films on gratings.  These quality factors are defined by Q = 𝜆/Δ𝜆 and 𝛾 =
𝜎/Δ𝜆, respectively, where λ is the central wavelength of the dip, Δλ is the full-width half 
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maximum of the dip, and σ is the dip coupling strength (i.e. height) measured at the central 
wavelength.  The γ factor is considered a stronger measure of coupling quality as it 
incorporates the coupling strength (σ) directly and Q has a tendency to increase with 
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Figure 3-2 (A-D) Reflectance curves for capped MEH-PPV thin films on silver plasmonic gratings 
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coupling maxima with experimental dispersion curves comparing capped MEH-PPV-coated silver 
gratings with unmodified silver gratings; (F) FDTD simulated maximum electric field components 
coupled at 15° for each MEH-PPV film thickness. 
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increasing λ independent of the coupling strength due to the increase in numerator.  At any 
rate, the γ factors switches between higher quality at lower angles for thinner films and 
higher quality at higher angles for thicker films.  While these trends correlate well with the 
Table 3-3 Summary of Grating Reflectance Dip Locations and Associated Quality Factors. 
Ag λc σ Δλ Q γ×100 
15 532 0.652 18 29.6 3.62 
20 560 0.646 15 37.3 4.31 
25 588 0.448 17.25 34.1 2.60 
30 615.5 0.364 16.5 37.3 2.20 
35 642 0.302 16.5 38.9 1.83 
40 668 0.243 16 41.8 1.52 
45 691 0.197 15.5 44.6 1.27 
      
0.05% λc σ Δλ Q γ×100 
15 572.5 0.534 25 22.9 2.14 
20 595.5 0.541 25 23.8 2.16 
25 619.5 0.525 24.75 25.0 2.12 
30 643.5 0.500 23.5 27.4 2.13 
35 667.5 0.474 22.5 29.7 2.11 
40 690 0.440 21.35 32.3 2.06 
45 712 0.419 21 33.9 2.00 
      
0.2% λc σ Δλ Q γ×100 
15 596 0.485 28.5 20.9 1.70 
20 617.5 0.502 29.75 20.8 1.69 
25 639.5 0.501 29.5 21.7 1.70 
30 662 0.491 28.5 23.2 1.72 
35 684.5 0.473 27 25.4 1.75 
40 706 0.452 25.25 28.0 1.79 
45 726 0.425 24.75 29.3 1.72 
      
0.4% λc σ Δλ Q γ×100 
15 633 0.363 40.75 15.5 0.89 
20 652.5 0.388 38.25 17.1 1.01 
25 674 0.416 37.5 18.0 1.11 
30 692.5 0.429 37.75 18.3 1.14 
35 711.5 0.428 36.5 19.5 1.17 
40 731 0.428 34.5 21.2 1.24 
45 748.5 0.423 32.6 23.0 1.30 
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red shift in coupling dip locations for thicker films, these may yet be an artifact of the 
overall slope of the blue edge of the reflectance curve caused in part by the high absorbance 
of the MEH-PPV, leading to a lower left-hand reflectance measurement point and, thus, 
lower coupling strength. 
Extracting the dip location data across multiple angles allows generation of 
experimental dispersion curves for each of the four grating samples (Figure 3-2E, solid 
points).  Wavelengths coupled at angles near normal incidence (i.e. those that lie within 
the ~17° acceptance cone of a typical 10× objective lens) are of particular interest for 
sensing applications as their use would simplify constraints on optics and allow 
measurements to be performed using an upright microscope, microplate reader, or portable 
handheld unit.  Extrapolation of the upper resonance mode dip locations provides the 
grating-coupled wavelengths at normal incidence for each film: 500 nm, 530 nm, and 570 
nm for 6.5, 13, and 30 nm equivalent films on gratings, respectively.  Meanwhile, the green 
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Figure 3-3 FDTD simulations of reflectance of (A) unmodified silver plasmonic 
gratings and (B-D) gratings with increasing thickness of MEH-PPV thin films and 5 
nm SiO2 capping layer. 
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hashed box in Figure 3-2E indicates the wavelengths used for excitation (460-490 nm) 
from the FITC filter.  Examination of Figure 3-2E shows that these wavelengths are 
located in the lower mode regime for all samples, but are only coupled at low angles for 
the 6.5 nm sample, and are then only weakly coupled.  Therefore, enhancement of MEH-
PPV fluorescence by increased electromagnetic field resulting from coupling the incident 
excitation light is expected to be weak as compared to a hypothetical fluorophore with 
excitation in the upper resonance modes.   
Further inspection of the upper resonance mode locations at angles less than 17° 
suggest that photons in the regime emitted by MEH-PPV may be optimally coupled to the 
gratings at near normal incidence.  MEH-PPV produces a broad luminescence spectrum 
with three main peaks corresponding to vibronic transitions (0-0, 0-1, 0-2) within a single 
electronic state, which are located between 520-750 nm as indicated by the orange box 
with left hash marks [118, 147].  Finite-difference time-domain (FDTD) simulations of the 
gratings were performed using RSoft® to ascertain how the MEH-PPV film thickness 
affects coupling to the gratings (Figure 3-3) and the electric field enhancements in the 
excitation (Figure 3-4) and emission (Figure 3-5) regimes.  The critical locations of the 
FDTD-defined theoretical reflectance dips from Figure 3-3 were added as open points in 
Figure 3-2E.  These simulations are relatively well-matched to the ellipsometry results 
with slight wavelength discrepancies as a result of the high MEH-PPV absorption and 
planarization of the gratings as seen in AFM.  An important outcome of these simulations 
is that electric field concentration is 3-11× higher at the emission wavelengths (0-0 and 0-
1 transitions) as compared to the excitation wavelength (Figure 3-2F), confirming strong 
49 
 
coupling in the upper mode region and the possibility for surface plasmon-coupled 
emission (SPCE) [131, 148]. The decrease in electric field with increasing MEH-PPV 
thickness in the excitation regime is ascribed to stronger photon absorption and lower mode 
mismatch.  However, the emission wavelength (0-1 transition) matches the upper mode 
resonance of the 30 nm MEH-PPV film at lower incidence angles, resulting in better 
coupling and higher evanescent electric field with respect to the thinner films.  Still, the 
thinnest film sample was chosen for further study as a sensor substrate due to its lower 
mode matching with the excitation filter wavelengths and also since the thicker films have 
Ag Grating / 30 nm MEH-PPV / 5 nm SiO
2
Ag Grating / 6.5 nm MEH-PPV / 5 nm SiO
2
(A)
(A) (B)
(C) (D)
Plain Ag Grating
Ag Grating / 13 nm MEH-PPV / 5 nm SiO
2
Figure 3-4 Electromagnetic field results from FDTD simulations at 15° and the center of the 
excitation wavelength band used (475 nm). 
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Figure 3-5 Electromagnetic field results from FDTD simulations at 15° and the 0-0 and 0-1 emission 
wavelengths for each capped film. 
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naturally slower response time to NA vapors [11], which would be exacerbated by the 
presence of the capping layer.  
3.3.3 Optimization of SiO2-Coated Silicon 
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Figure 3-6 (A) Tunable oxide etch rates by AF:HF mixtures as calculated by Honeywell [138] and (B) 
Expected and observed etched oxide thicknesses using a 15:1 AF:HF mixture and beginning with 124 
nm oxide thickness. 
Thin fluorescent films on silicon are known to experience significant fluorescence 
quenching within a few nanometers of the silicon surface due to dipole-induced energy 
transfer as well as constructive and destructive interference effects for fluorophores atop 
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Figure 3-7 Fluorescence spectra of uncapped 6.5 nm MEH-PPV thin films spun from 0.05% 
chloroform solution onto silicon oxide thin films of increasing thickness. 
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dielectric thin films (e.g. SiO2) thicker than 100 nm [72, 136].  To mitigate these effects, 
thermal oxide SiO2 was grown onto polished, low-doped silicon and then etched by 
NH4F:HF buffered oxide etchant (BOE) at a rate of ~30 nm per minute using a BOE 
defined by the ratios in Figure 3-6A [138] and confirmed experimentally to provide 
different SiO2 thicknesses between 0 and 124 nm (Figure 3-6B).  Spin-casting 6.5 nm 
MEH-PPV thin films atop each substrate provided fluorescence intensities ranging from 
<2000 cps on 0 nm SiO2-coated silicon increasing to ~95,000 cps on 82 nm SiO2-coated 
silicon (Figure 3-7).  The intensity then dropped by more than 50% on increasing SiO2 
thickness to 124 nm, a result of SiO2 thickness entering the range of the first destructive 
interference fringe for back-reflected light defined by 2ndcosθ = kλ/2, where k is even for 
constructive interference and odd for destructive interference [72].  Thus, the ~82 nm SiO2 
condition was reproduced on many SiO2-coated silicon substrate samples and used for all 
subsequent experiments.   
3.3.4 Fluorescence Characterization 
 Figure 3-9A illustrates the fluorescence spectra of the thinnest MEH-PPV film set 
prepared on different SiO2-coated silicon, flat silver, and plasmonic silver grating 
substrates with respect to the 0.05% (w/v) chloroform solution.  Detailed peak-fitting was 
carried out to identify the location of the 0-0, 0-1, and 0-2 vibronic emission peaks 
characteristic to MEH-PPV (Figure 3-8) and summarized for the thinnest film in Table 
3-4.  Generally, MEH-PPV thin films exhibit red-shifted fluorescence compared to their 
respective solution phase depending on the degree of conformational disorder and chain-
chain interactions between molecules [118, 120, 147].  Primary (0-0 transition) peaks were 
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located at 555 nm, 582 nm, 576 nm, and 578 nm for the chloroform solution, and 6.5 nm 
films on SiO2-coated  silicon, flat silver, and plasmonic gratings, respectively, confirming 
the significant red shift (Figure 3-8A-D).  Primary peaks for the thicker films were located 
at 588 nm and 586 nm for 13 nm and 30 nm films on SiO2-coated silicon and 586 nm and 
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Figure 3-8 MEH-PPV fluorescence of (A) chloroform solution (same for all concentrations used due to 
effect of high extinction coefficient); (B-E) Uncapped and capped 6.5 nm thin films on (B&C) SiO2-
coated  silicon  and (D&E) silver plasmonic gratings; (F-I) Uncapped and capped 13 nm thin films on 
(F&G) SiO2-coated  silicon  and (H&I) silver plasmonic gratings; (J-M) Uncapped and capped 30 nm 
thin films on (J&K) SiO2-coated  silicon  and (L&M) silver plasmonic gratings.  Peak intensities are 
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582 nm for films on silver gratings, respectively (Figure 3-8E-M).  From these peak 
Figure 3-9 (A) Normalized fluorescence spectra of uncapped and capped 6.5 nm MEH-PPV thin films 
with respect to 0.05% (w/v) chloroform solution;  (B-D) Fluorescence spectra and associated 
wavelength-specific grating fluorescence enhancement factors of capped MEH-PPV thin films; (E) 
Comparison of wavelength-specific fluorescence enhancement factors of MEH-PPV thin films on 
plasmonic gratings with respect to SiO2-coated silicon; (F) Mean enhancement factors of capped 6.5 
nm MEH-PPV thin films on various substrates with respect to flat silver. 
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values, we find that close proximity of MEH-PPV to the silver leads to additional apparent 
spectral modification aside from purely morphological characteristics.  The few nanometer 
hypsochromic shift of the primary (0-0) peak on silver with respect to SiO2-coated silicon 
samples (Figure 3-9A) denotes shorter excited state electron diffusion distances prior to 
emission associated with shortened fluorescence lifetimes [149].  This was corroborated 
by MEH-PPV on flat silver exhibiting only ~30% the fluorescence intensity relative to 
SiO2-coated silicon (Figure 3-9F).  Quenching of the polymer fluorescence by silver is in 
stark contrast to the fluorescence of Rhodamine-doped dielectric layers on flat silver where 
the dye is spaced 5-10 nm away from the metal, which show significant enhancement with 
respect to SiO2-coated silicon [65].   
Table 3-4 Peak Positions and Relative Intensities of 0.05% MEH-PPV Thin Film Fluorescence 
 
  MEH-PPV fluorescence was significantly higher on silver plasmonic gratings than 
equivalent films on SiO2-coated silicon (Figure 3-9B-D and Figure 3-10) and the relative 
intensities of the 0-1 and 0-2 shoulder peaks with respect to the main peak were 50% lower 
than SiO2-coated silicon for the thinnest film (Figure 3-9A and compare Figure 3-8B,C).  
This spectral modification by silver plasmonic gratings leads to a wavelength-specific 
 0-0 Peak 0-1 Peak 0-2 Peak 
Sample Position 
(nm) 
Intensity 
(AU) 
Position 
(nm) 
Intensity 
(AU) 
Position 
(nm) 
Intensity 
(AU) 
Chloroform 555 0.94 593 0.30 616 0.10 
Silica - Uncapped 582 0.94 628 0.49 696 0.10 
Silica - Capped 576 0.97 628 0.46 678 0.12 
Silver - Uncapped 580 0.95 621 0.32 684 0.02 
Silver - Capped 574 0.97 623 0.41 683 0.02 
Gratings - Uncapped 578 0.96 616 0.29 667 0.06 
Gratings - Capped 569 0.94 609 0.24 653 0.06 
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fluorescence enhancement with respect to the intensity on SiO2-coated silicon that varies 
with increasing MEH-PPV thickness, as illustrated in Figure 3-9B-D and consolidated in 
Figure 3-9E.  As predicted by FDTD in Section 3.3.2, we find that the wavelengths 
observed to be enhanced by the gratings correspond to those that would be coupled to the 
gratings and re-radiated at near normal incidence by a SPCE mechanism (Figure 3-9E).  
For the 6.5 nm and 13 nm samples (Figure 3-9B,C), enhancement is highest at ~8.5× for 
the blue edge of the primary (0-0) peak and decreases with increasing wavelength as the 
coupling and, thus, SPCE angles for the longer wavelengths lie beyond the ~17° limit and 
are thus only partially captured by the microscope objective.  Meanwhile, the 30 nm MEH-
PPV films on gratings couple the longer wavelengths at near normal incidence (Figure 
3-9D).  The 0-0 transition has a near 0° coupling angle and the 0-1 transition also has 
coupling angle within the 17° acceptance cone (Figure 3-2E) and, subsequently, highest 
evanescent electric field component at the 0-1 transition (Figure 3-2F).  This leads to the 
appearance of a fourth pseudo-peak between the 0-0 and 0-1 transition peaks in the thickest 
film (Figure 3-8L,M), which, in turn, gives rise to a sharp increase in the wavelength-
Figure 3-10 (A) Peak fluorescence intensity values of MEH-PPV thin films on different substrates; (B) 
Mean enhancement factors of MEH-PPV thin films on different substrates normalized to film on silica. 
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specific plasmonic enhancement curve around ~600 nm (Figure 3-9E) where the 
fluorescence curve on SiO2-coated silicon dips down sharply.  Given the strong coupling 
efficiency and coupling angle for those wavelengths between 0-0 and 0-1, the significant 
enhancement is assigned to SPCE. 
 Capping MEH-PPV with the thin oxide film resulted in significant reduction in 
emission intensity (~60%) (Figure 3-10A), as well as further hypsochromic shifting and 
spectral broadening, with the primary peak blue-shifting from 583 nm to 577 nm for the 
film on silica and from 578 nm to 569 nm for plasmonic gratings (compare columns in 
Figure 3-8).  All three spectral changes are consistent with reduced excited state electron 
travel distances associated with oxidative shortening of the polymer, which has the 
potential byproduct of reduced sensitivity to nitroaromatics should the damage-induced 
separation between excitable polymer sub-units be sufficiently extensive [147, 150].  As 
with the loss in initial intensity, the hypsochromic shift was less for the thicker films after 
capping due to the greater percentage of unaffected bulk material below the capping layer.   
3.3.5 Photostability 
Photostability is a primary issue in any fluorescence-based assay, but especially 
assays that rely on fluorescence quenching as the detection mechanism as it becomes 
critical to isolate potential false positives.  Furthermore, oxidation shortens and isolates the 
conjugated molecules, leading to changing responses, increasing response times, as well as 
lowered sensitivity over the use life of the device.  Capping or sealing fluorescent films in 
an impervious layer is a common method to prevent film degradation during photo- or 
electroluminescence [33, 126].  Protection afforded by a capping layer is related to the 
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thickness and density of the layer affecting the permeability post-processing as well as the 
presence of residual oxygen or moisture in the polymer layer.  As we have 0.17 void 
fraction or ‘porosity’, this semi-permeable oxide layer was studied for its photo-oxidation 
protective properties and utility for thin film fluorescence-based sensors. 
MEH-PPV photostability was studied under two conditions:  (1) continuous 
illumination of the films and (2) long-term storage under dark, ambient conditions in the 
lab (Figure 3-11).  Fluorescence of the uncapped films on both SiO2-coated silicon and 
gratings reduced by more than 60% of the initial intensity within 10 seconds of continuous 
blue (475 nm ± 15 nm, ~2 mW/cm2) illumination (Figure 3-11A).  Spectral broadening 
and blue-shifting of the primary peak also occurred (Figure 3-12), which are consistent 
with oxidative shortening of conjugated polymers [147].  Blue shifting and loss of shoulder 
peaks indicate reduced pre-emission excited state electron diffusion resulting from lower 
inter- and intra-chain interaction akin to dimerization in traditional organic fluorophores.  
Less intense and poorly-defined peaks in concert with hypsochromic shifting mark the 
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Figure 3-11 (A) Comparison of photodegradation of uncapped and capped MEH-PPV thin films on 
different substrates under constant illumination; (B) Long-term fluorescence stability of uncapped and 
capped MEH-PPV thin films on different substrates stored in dark, ambient conditions. 
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generation of a growing population of shortened MEH-PPV chains that are excited and 
emit at higher frequencies (i.e. lower wavelengths) as well as non-fluorescent species.  For 
the films on gratings, these wavelengths quickly pass beyond the 17° SPCE range and, 
when combined with the more frequent excitation and higher excitation evanescent field, 
lead to rapid drop in fluorescence intensity (blue curve, Figure 3-11A and Figure 3-12C).   
Addition of the capping layer improved initial fluorescence stability to 66% for 
films on optimized SiO2-coated silicon and 82% for films on silver gratings owing in part 
to scavenging of oxygen and moisture by the oxide capping layer leading to slower 
permeation through the closed porosity (Figure 3-11A and Figure 3-12B,D).  This was 
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Figure 3-12 (A-D) Fluorescence spectral evolution of uncapped and capped MEH-PPV thin films 
during continuous illumination; (A) Uncapped 6.5 nm film on optimized SiO2-coated  silicon; (B) 
Capped 6.5 nm film on optimized SiO2-coated  silicon; (C) Uncapped equivalent film on silver gratings; 
and (D) Capped equivalent film on silver gratings. 
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further confirmed by the slower diffusion rate of nitroaromatics through the silica capping 
layer as described in Section 3.3.6.  The increased stability on gratings with respect to SiO2-
coated silicon was due to a combination of the substrate geometry, silver proximity, and 
capping layer morphology over MEH-PPV on silver, which is a matter of ongoing study.  
Meanwhile, the final steady-state decay rate on plasmonic gratings is slightly higher than 
for SiO2-coated silicon (Figure 3-12D).  The increased steady-state decay rate is due to a 
competition between higher excitation rates on the silver leading to more opportunities for 
oxidation to occur and excited state electron quenching by the silver itself. 
Long-term storage was carried out for 2 months by wrapping a set of films in foil 
and storing in dark, ambient lab conditions (temperature ≈ 22 °C and relative humidity ≈ 
30-50%).  During this time, the uncapped polymer films degraded entirely, with most of 
that loss occurring within the first few weeks (Figure 3-11B).  Meanwhile, the capped 
films on SiO2-coated silicon retained just over 50% and gratings retained more than 70% 
of their initial fluorescence intensity throughout the 2 month testing period.  Both capped 
films did experience an initial drop in fluorescence within the first week followed by a 
period of relative stability for the next few weeks.  The gratings experienced only 15% loss 
in the first week compared to 40% for SiO2-coated silicon.  This suggests an initial 
sensitization of areas exposed directly to oxygen and moisture in the air through the pores 
in the capping layer followed by a period of markedly slower diffusion of oxygen and 
moisture laterally into the film underneath the layer.  This is an important result for the fact 
that it shows longevity of ultra-thin conjugated polymer films even in the presence of a 
porous capping layer and under non-inert environmental conditions.  Such stability and 
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longevity is critical as changes in baseline fluorescence reduce dynamic range and 
sensitivity as mentioned above.  Furthermore, this suggests the films could be used long-
term as part of a semi-permanent sensor installation. 
3.3.6 Exposure to Nitroaromatics 
  MEH-PPV has already been studied extensively for its specific and advantageous 
quenching interaction with nitroaromatic (NA) vapors with respect to alternative 
conjugated polymers [11, 13, 26].  Thus, we are concerned primarily with the synergistic 
interplay between the polymer and the plasmonic substrate as applied to improved sensor 
response.  Quenching studies were first performed on uncapped (Figure 3-13A-C) and 
capped (Figure 3-13D-F) 6.5, 13, and 30 nm thin films on SiO2-coated silicon.  Uncapped 
films of all thicknesses achieved greater than 90% quenching of initial fluorescence 
intensity within 10 s exposure to saturated DNT vapor, consistent with previous reports 
[13].  Also significant was the substantial recovery of fluorescence on removal from the 
vapor source as shown by the + time curves in the graph.  The uncapped 6.5 nm film 
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Figure 3-13 Quenching response and recovery of (A-C) uncapped and (D-F) capped (A&D) 6 nm, 
(B&E) 13 nm, and (C&F) 30 nm MEH-PPV thin films on silica 
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recovered the most percentage fluorescence in the measured time period here (Figure 
3-13A) while thicker films were slow to recover as expected since the quenching is a 
collisional, diffusion-based process.  Furthermore, all of the uncapped films suffered from 
rapid oxidative photobleaching within the study period, as indicated by the blue-shifting 
and spectral broadening, which is again most prominent in the thinnest film (Figure 
3-13A).  This degradation masked the recovery from quenching for uncapped films, 
especially at longer recovery time periods. 
 As expected, capped films on SiO2-coated silicon exhibited slower fluorescence 
quenching than uncapped films as a result of slower molecular diffusion through the porous 
silica capping membrane and laterally into the film.  However, greater than 90% quenching 
did still occur within 300 s (5 min) of exposure using the 6.5 nm films.  Recovery for the 
capped films was also slower after removal from the vapor source, again evidence of 
slowed diffusion (in this case, out of the film).  However, it is notable that the films did 
eventually recover full fluorescence intensity after several hours and the peak location was 
identical to the initial peak location, confirming quenching and not photodegradation as the 
source of the intensity loss.  These films could be used repeatedly with very similar 
responses, though exposure to the excitation light should be limited to prevent oxidative 
photobleaching as discussed above.  The thicker films not only exhibited slower and less 
significant intensity losses as a result of slower diffusion times and larger concentration of 
quenchable material, but also showed much slower recovery, again suggesting diffusion as 
the mechanism for interaction with the polymer through these films. 
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Figure 3-14A,B shows the evolution of 2,4-DNT quenching behavior of the capped 
MEH-PPV films on both SiO2-coated silicon, flat silver, and plasmonic grating substrates.  
After 1200 s (20 min) of exposure, the film on SiO2-coated silicon had quenched 87.5% 
while the film on gratings had quenched 99.7%.  The critical initial 60 s response to 2,4-
DNT in the linear (i.e. unsaturated) quenching region was ~33% on the film on SiO2-coated 
silicon compared to more than 80% for the films on plasmonic gratings, corresponding to 
a quenching rate of 0.008 s-1 and 0.057 s-1 for SiO2-coated silicon and plasmonic gratings, 
Figure 3-14 (A) Spectra of progressive fluorescence quenching of MEH-PPV on SiO2-coated  silicon  
(black) and plasmonic gratings (blue) by exposure to 2,4-DNT; (B) Quenching of capped MEH-PPV 
films on SiO2-coated silicon, flat silver, and silver plasmonic gratings(Inset); (C) Band diagram 
showing competing interactions of MEH-PPV, Silver, and 2,4-DNT in the grating setup; and (D) 
Recovery of capped MEH-PPV films on SiO2-coated  silicon  and silver substrates after 30 s quenching 
by 2,4-DNT. 
64 
 
respectively (Figure 3-14B, inset).  The increase in initial quenching rate is roughly 7× 
that on SiO2-coated silicon, which is attributed to a competition between excited state 
coupling to silver through SPCE (Figure 3-14C: 1-4) and non-radiative energy transfer to 
the impinging 2,4-DNT molecules (Figure 3-14C: 1,5).  In the SPCE case, MEH-PPV 
fluorescence is increased due to rapid coupling of the emitted fluorophore to the silver, 
shorter fluorescence lifetime, and directed emission toward the detector, whereas 
fluorescence on SiO2-coated silicon is isotropic and there is negligible modification of 
lifetime by SiO2.  On interaction with NA vapor, 2,4-DNT disrupts the radiative pathway 
and introduces an energetically favorable non-radiative pathway so long as the 2,4-DNT 
molecule is in close proximity to the MEH-PPV.  The rate of fluorescence fall-off in the 
SPCE case is higher since more detectable photons are lost per interaction, namely, those 
coupled and rapidly re-radiated toward the detector by SPCE.  This is important as it shows 
the utility of SPCE not only for increasing signal, but also improving observation of analyte 
interactions through dynamics in the preferential directed emission.  
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Figure 3-15 Long-term fluorescence recovery after quenching by DNT. 
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As a result of the preservation of the material from oxidation by the capping layer, 
the capped films recover gradually from their exposure (Figure 3-14D, Figure 3-15).  For 
each sample, fluorescence recovery occurred at a rate ~20% the initial intensity per hour 
after an initial lag phase.  This lag phase is thought to result from over-saturation of the 
polymer layer as well as slower diffusion out of the film due to the interaction between the 
NA molecules and the MEH-PPV.  Thus, the degree of quenching and fluorescence 
recovery time could be used as an indicator of total exposure time or vapor pressure in an 
in situ measurement.  Finally, the fluorescence recovery after DNT exposure continued 
with time such that films left unexposed for a few hours completely recovered to their 
initial fluorescence intensity and could be used repeatedly with nearly identical results to 
the first exposure event (i.e. no pre-sensitization). 
3.4 Conclusions & Future Direction 
Low-cost metallic plasmonic gratings and ultra-thin oxide (SiO2) capping layer 
were evaluated as means to improve the stability, signal, and sensitivity of fluorescent 
conjugated polymer (FCP) chemosensors.  Fluorescence of the resultant capped, 
plasmonic-enhanced films was enhanced more than seven-fold primarily by surface 
plasmon-coupled emission (SPCE).  This enhancement permits two possible modes of 
sensor improvement:  (1) the use of reduced excitation intensities to provide fluorescence 
similar to films on silica/glass and thus prolong the life of the device or (2) the use of 
similar excitation intensities to provide drastic improvements to signal-to-noise ratio and 
the sensitivity of the device.  Sample fluorescence was preserved by the low-density 
capping layer both during active use and storage in ambient air for several months.  
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Meanwhile, the porosity in the capping layer allowed the MEH-PPV films to retain their 
rapid quenching response to nitroaromatic vapors, with thin capped films on gratings 
quenching at a rate more than 7 times faster than similar films on SiO2-coated silicon due 
to competition between excited state electron diffusion and relaxation pathways.  
Furthermore, MEH-PPV films exposed to 2,4-DNT were able to recover fluorescence with 
time, allowing for multiple use cycles and as dynamic sensors and the use of recovery after 
removal from the vapor source as a means of distinguishing between compounds.  These 
unique properties show great promise toward enhancement of other FCP sensor systems 
for embedded sensors in real-world applications. 
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CHAPTER 4 MONITORING STEADY-STATE NITRO-
AROMATIC VAPOR DIFFUSION THROUGH A 
HETEROGENEOUS LAMINATE THIN FILM 
 
4.1 Introduction 
 As discussed in Chapter 2 and shown through experimental results in Chapter 3, 
fluorescent conjugated polymers (FCPs) such as poly-[2-methoxy-5-(2-ethylhexyloxy)-p-
phenylenevinylene] (MEH-PPV) are quenched by nitroaromatic (NA) compounds such as 
2,4-dinitrotoluene (2,4-DNT) through an energetically favorable electron transfer process 
resulting from the overlap of the 2,4-DNT LUMO level with the band gap of MEH-PPV 
[11, 13, 26].  This process results in a strong lights-off quenching response, which can be 
used under certain conditions to identify presence and quantity of 2,4-DNT vapor.  It has 
been noted that extremely close molecular interaction of the quencher (2,4-DNT) with the 
signal transducer (MEH-PPV) is an essential aspect of the sensitivity of the fluorescence 
quenching mechanism.  In the absence of a capping layer, 2,4-DNT vapor at room 
temperature diffuses freely and rapidly to its saturated vapor pressure (~290-300 ppb) as 
given by Fick’s law [151] 
𝐽 = −𝐷𝑖𝑎𝜕𝜑/𝜕𝑥— Eq. 4.1 
where J is the diffusion flux, Dia is the diffusivity, and ∂φ/∂x is the concentration gradient 
with space.  Diffusion to and into the MEH-PPV film is unimpeded, allowing intermixing 
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and interaction of 2,4-DNT with individual MEH-PPV molecules on extremely short time 
scales and leading to rapid, complete quenching of the thin films [152, 153]. 
Adding the capping layer understandably increases the fluorescence quenching 
time at similar experimental conditions.  The small void fraction measured for the capping 
oxide layer in Chapter 3 suggests closed, disconnected porosity [108, 115, 154], meaning 
that the pores consist of narrow, tortuous paths that may decrease the diffusivity of 2,4-
DNT significantly with respect to that in ambient air.  The restricted, effective diffusivity 
(De) is given by [155] 
𝐷𝑒 =
𝐷𝑖𝑎𝜀𝑡𝛿
𝜏
 — Eq. 4.2 
where Dia is the free space diffusivity, εt is the layer porosity, δ is the pore constrictivity or 
ratio of the molecular size to the pore diameter, and τ is the tortuosity of the pore or ratio 
of the actual path length inside the pore to the actual layer thickness (~5 nm as measured 
by ellipsometry).  While the oxide capping layer porosity is known (εt = 0.17), the exact 
individual pore diameters and path lengths are unknown and will vary stochastically from 
pore to pore depending on the in situ silicon dioxide deposition characteristics.  Thus, δ/τ 
can be thought of as a pore-specific restriction coefficient.  It can be seen from Eq. 4.2 that 
the free space diffusivity is reduced by at least ~6-fold on entering the porous medium even 
in the absence of any restriction coefficient.  Direct observation of 2,4-DNT diffusion 
through the porous oxide capping layer is not possible as the molecules must necessarily 
have navigated the pores before reaching the fluorescent MEH-PPV layer and onset of 
quenching.  However, monitoring the effects of 2,4-DNT exposure on capped MEH-PPV 
thin films by fluorescence image analysis may provide valuable information about the 
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diffusion of 2,4-DNT through the porous layer and the MEH-PPV thin film itself, as well 
as possibly used to interpret rate constants of interaction between 2,4-DNT and MEH-PPV. 
4.2 Experimental Section 
4.2.1 Chemicals and Materials 
Standard glass microscope slides were purchased from Fisher Scientific 
(Pittsburgh, PA) and silicon wafers from MEMC (St. Peters, MO).  Polydimethylsiloxane 
(PDMS, Sylgard® 184, Dow Corning, Inc.), poly-[2-methoxy-5-(2-ethylhexyloxy)-p-
phenylenevinylene] (MEH-PPV, Mn 40,000-70,000), 2,4-Dinitrotoluene (2,4-DNT), 1,3-
Dinitrobenzene (1,3-DNB), Nitrobenzene (NB), hydrofluoric acid (HF), ammonium 
fluoride (NH4F), and all organic solvents were purchased from Sigma-Aldrich (St. Louis, 
MO) and  polymethylsilsesquioxane (PMSSQ, GR650F) from Techneglas (Perrysburg, 
OH).   
4.2.2 Substrate Preparation 
Two capped polymer-coated substrates were prepared for characterization and 
nitroaromatic sensing measurements: silicon oxide and silver plasmonic gratings.  Silicon 
oxide was chosen due to its low fluorescence background with respect to glass slides.  
Before oxide growth on silicon, each 5 cm × 5 cm wafer piece was cleaned by sonication 
in successive baths of acetone, methanol, and deionized water (18.2 MΩ-cm) and then 
dipped in 1:10 HF:H2O for 1 minute.  Dry thermal oxide was grown at 1100 °C by flowing 
5 cfm oxygen in a quartz tube furnace and etched to different thicknesses by 1:15 HF:NH4F 
buffered oxide etching solution for 0-300 s [137].  Oxide thicknesses were verified by 
variable angle spectroscopic ellipsometry (VASE, J.A. Wollam, Inc.). 
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Silver plasmonic gratings were made by micro-contact printing as described 
previously [65]. Briefly, PDMS (5:1 base:crosslinker) was poured and cured over an 
isopropanol-cleaned HD-DVD to generate a master mold.  Cured PDMS slabs were then 
cut into 1x1 cm2 stamps and used to print the polymer ink, 3% w/v PMSSQ dispersed in 
ethanol, onto freshly-cleaned silicon.  The stamp was peeled off after a few seconds and 
the ink was allowed to dry in ambient conditions.  The polymer gratings were then 
transferred to an AJA RF Magnetron sputter system and a 2 nm titanium adhesion layer 
was deposited followed by 100 nm silver using 100 W RF power, 20 sccm argon flow, and 
4 mTorr working pressure.  Samples were then transferred to a nitrogen-purged glove box 
prior to further use. 
Immediately prior to spin-casting MEH-PPV, all substrates were cleaned 
thoroughly with acetone, methanol, and 2-isopropanol, blown dry with nitrogen, and 
transferred to the glove box.  MEH-PPV was dissolved in chloroform to 0.5 mg/mL and 
spin-cast at 3000 rpm for 30 seconds and stored in vacuum overnight to ensure removal of 
excess solvent.  Some of these substrates were then transferred to a Kurt J. Lesker electron 
beam physical vapor deposition chamber and capped with 5 nm SiO2 layer.   All substrates 
were then stored in the glove box until measurement.   
4.2.3 Response to Nitroaromatics 
Quenching response to 2,4-Dinitrotoluene (2,4-DNT), 1,3-Dinitrobenzene (1,3-DNB), 
Nitrobenzene (NB), and ammonium nitrate were tested according to a protocol similar to 
that by Chang et al. [13].  Briefly, a 20 mL glass vial was filled with 2 g dry powder (2 mL 
for liquid NB) and covered by several layers of cotton gauze to prevent direct physical 
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contact.  Samples were placed into the container face-up on the cotton and capped for a 
specified period of time (10-1200 seconds).  Before and after measurements were taken in 
triplicate and averaged for each sample condition. 
4.3 Results and Discussion 
4.3.1 Response to Nitroaromatic Vapors 
 Figure 4-1 shows fluorescence images of the quenching response of capped 6.5 
nm MEH-PPV thin films on SiO2-coated silicon to saturated 2,4-DNT vapor with 
increasing exposure time.  In these images, higher pixel values (i.e. whiter points) indicate 
high fluorescence intensity whereas lower pixel values (i.e. darker points) indicate lower 
fluorescence intensity or quenching.  The apparent increase in intensity between 0 seconds 
and 10 seconds exposure is an artifact caused by automatic baseline subtraction performed 
by the ImageJ analysis software.  Interestingly, the quenching response is not uniform over 
the entire substrate surface, but instead occurs in two apparent stages as seen in the 
Figure 4-1 Fluorescence images of capped 6.5 nm MEH-PPV thin film on SiO2-coated silicon on 
exposure to saturated 2,4-DNT vapor. Image Parameters:  10× objective, 475 nm excitation, 25% and 
6% ND filters, 100 ms exposure time, and 200× gain. 
0 s                         10 s                   30 s   
 
 
 
 
  
60 s                        180 s 
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fluorescence micrographs of the quenching event.  Quenching appears to initiate at singular 
points or nodes in the film, indicated by the dark spots in the fluorescence micrographs at 
10 seconds exposure and higher.  The quenched (i.e. darkening) areas of the film expand 
radially with increasing exposure time, eventually coalescing and producing an entirely 
blackened area.  This phenomenon was also seen with increasing MEH-PPV film 
thickness.  By analyzing the spot count and areas using ImageJ particle analysis tool (here, 
quenched fluorescence is defined as a “particle”), we see that quenched areas both grow 
and become more numerous with increasing exposure time.  Figure 4-2 and Figure 4-3 
show box-and-whisker plots indicating the population ranges of areas MEH-PPV 
fluorescence quenched by 2,4-DNT.  These population statistics help to visualize the 
Figure 4-2 (A-C) Box-and-whisker plots of quenched spot areas of (A) 6.5 nm, (B) 13 nm, and (C) 30 
nm capped MEH-PPV thin films after exposure to 2,4-DNT vapor. 
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growth in size of individual ‘particles’ (i.e. quenching regions of the capped MEH-PPV 
thin films) with increasing 2,4-DNT exposure time.  As can be seen, average quenched 
region size increases rapidly with increasing exposure time from 10 to 180 s exposure.  The 
300 s exposure box and whisker is somewhat anomalous in that the average region size 
decreases for the thinnest film, as evidenced by the slight average decrease in Figure 4-3A.  
This appears inconsistent with the sequential growth of quenched areas in the images in 
Figure 4-1 until considering the merger of individual particles to form a lower number of 
larger particles.  This is evidenced by the drastic increase in size of the top 10% of quenched 
regions to nearly 1000 pixel diameter (Figure 4-2A).  Meanwhile, we see that the largest 
particles for thicker films are consistently lower and trend downward with increasing 
MEH-PPV thickness (800 pixels for 13 nm film and 600 pixels for 30 nm film).  We also 
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percentiles (boxes), and whiskers (outliers). 
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see in Figure 4-3B,C a much higher population of smaller quenched regions between 10 – 
50 pixels in diameter.  This is consistent with the hypothesis of the appearance of quenching 
being limited by both vertical and lateral diffusion of 2,4-DNT due to the increased volume 
of MEH-PPV to be quenched.  The thicker films may also be more continuous and densely 
packed than the 6.5 nm film as evidenced by the increased refractive index trending toward 
the bulk refractive index of MEH-PPV (Table 3-1).  This would have an increased effect 
on constrictivity for lateral diffusion, slowing quenching rates significantly. 
4.3.2 Comparison of Quenching Rates 
Another significant difference between the 2,4-DNT fluorescence quenching on 
silicon and gratings was the apparent quenching rate (Figure 3-14).  As mentioned in the 
previous chapter, the 60 s quenching response was 30% for films on silicon and 80% for 
films on gratings.  Quenching by standard dipole-dipole interaction processes is best 
defined by the Stern-Volmer relation [26] 
𝐼0
𝐼
= 1 + 𝐾𝑆𝑉[𝑄] – Eq. 4.3 
where I0 is the initial intensity, I is the intensity in the presence of quencher (analyte) 
molecule, [Q] is the analyte concentration, and KSV is the quenching constant in units M
-1.  
As the samples were exposed to vapor in a small, enclosed volume, we can assume a 
steady-state vapor pressure is achieved if the exposure time is greater than the time for 
vapor to equilibrate in the chamber.  From Fick’s Law, the order of the time to reach a 
steady-state vapor pressure in the reaction chamber (i.e. head space of the 20 mL vial) is 
given by [155] 
〈𝑥2〉 ≈ 𝑞𝑖𝐷𝑡 – Eq. 4.4 
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where x is the height of the volume into which the 2,4-DNT vapor is expanding (~1 cm), 
D is the diffusivity of 2,4-DNT vapor in air at STP (Dia = 2.03×10
-1 cm2/s) [156], t is the 
travel time, and q is a positive integer.  Solving for t given the physical constraints of the 
vial test system provides an approximate vapor pressure equilibration time of 5 seconds.  
Since the first measurement was taken after 10 seconds exposure, a steady-state vapor 
condition can be assumed and the measured quenching response will be dominated by NA 
diffusion through the capping layer and into the polymer film.  This diffusion-limited 
condition allows the use a modified form of the Stern-Volmer equation describing the 
quenching rate of a single analyte concentration over a period of time 
 
𝐼0
𝐼
≈ 1 + 𝐾𝑆𝑉
′ 𝑡 – Eq. 4.5 
where 𝐾𝑆𝑉
′  is the modified quenching rate in units of s-1 and comprises both diffusion and 
interaction rates.  Figure 4-4A shows the time-based Stern-Volmer plot for substrate 
response to 2,4-DNT.  The quenching response follows a linear trend for all substrates 
within the first few minutes of interaction, after which the signal from the film tends to 
zero and the ratio 
𝐼0
𝐼
 becomes erratic and nonlinear.  Thus, it is critical to isolate the linear 
region for calculation of 𝐾𝑆𝑉
′  (Figure 4-4B).  𝐾𝑆𝑉
′  on silicon was found to be 0.008 s-1, 
while the quenching rate on silver was 0.030 s-1 and silver gratings was 0.057 s-1, an 
increase of 3.7-fold and 7.1-fold, respectively.  Combining the enhanced rate with the 
photostability, recovery, and longevity afforded by the capping layer, this sensor represents 
a significant step toward a realizable portable fluorescence sensor unit for nitroaromatic 
detection.   
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Figure 4-4 (A & B) Modified Stern-Volmer plots showing quenching rate of capped 
MEH-PPV thin films with exposure time to 2,4-DNT (line in B represents fit of 
linear region). 
4.3.3 Sensor Cross-reactivity to Other Nitroaromatics 
Sensitivity of the films to other nitroaromatic compounds was also tested in a 
similar manner with a small amount (~2 g) of analyte at the bottom of a small glass vial 
covered in a small piece of cotton as a physical barrier.  Films on both silicon and gratings 
quenched rapidly and completely in the presence of NB vapor while having slower 
responses to 1,3-DNB (Figure 4-5B,C).  The higher response to NB is explained by its 
much higher vapor pressure, which allows faster diffusion into the polymer film while 1,3-
DNB has a vapor pressure on the same order as 2,4-DNT and less electron structure 
destabilization (Table 4-1) [100].  The vapor-phase Stern-Volmer quenching rates were 
also analyzed for NB and 1,3-DNB (Figure 4-5D,E) and the rates results are summarized 
in Table 4-1.  Notably, the response on gratings is proportionally less for 1,3-DNB than 
on silicon (~32% the 2,4-DNT response on gratings versus ~60% on silicon).  Meanwhile, 
the rates for NB are higher owing to the higher vapor pressure of NB leading to faster 
achievement of vapor pressure inside the vial.  As the vapor pressure of 1,3-DNB is higher 
than 2,4-DNT, it was thought that the lower quenching rate would be explained by the 
relative overlap of the LUMO level with the HOMO of the MEH-PPV.  The overlap can 
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be considered favorable for quenching when the electron transfer reaction free energy 
change (ΔG°) is negative (i.e. electron transfer is favored thermodynamically) [11-13, 157].  
This form of ΔG° is approximated by the equation [13] 
ΔG° = -e[E(P/P+) − E(Q/Q−)]− ΔE0–0, 
where E(P/P+) is the oxidation potential of the polymer, E(Q/Q−) is the reduction potential 
of the quencher, ΔE0–0 is the lowest singlet 0–0 excitation energy of the polymer, and e is 
the electron unit charge, included to indicate the conversion between electrochemical 
potential and energy.  For our calculations, E(P/P+) for MEH-PPV was given as 0.7 V 
[158], E(Q/Q−) is given for each nitroaromatic compound in Table 4-1 below [159]. The 
value of ΔE0–0 was found graphically by noting the intersection of the normalized 
absorbance and emission spectra in accordance with [26] and given to be 2.2 eV for our 
samples.  Estimated values for ΔG° were negative for all the nitroaromatics tested with 
TNT having the most favorable interaction, as expected given its highly electron-deficient 
nature.  However, in this case, 1,3-DNB has a slightly more favorable interaction.  The 
difference must come from the relative destabilization of the electron center by the methyl 
group of the 2,4-DNT [160-162]. 
 Desorption of  NB on removal from the vapor source was so rapid that the films on 
gratings had begun recovering fluorescence within the time frame that measurements were 
taken, typically less than 10 seconds from removal from the exposure vial (Figure 4-5B 
and Inset).  Meanwhile, desorption of 2,4-DNT takes much longer, on the order of minutes 
to days depending on the length of exposure.  This characteristic alone could be utilized as 
a means of distinguishing selectively between NB and other NA compounds in a field 
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sensing application.  Immediate fluorescence recovery on removal from NB vapor is 
notably unapparent from the capped films on silicon, as seen from the small error bars for 
the NB points in Figure 4-5A.  This does not preclude the occurrence of recovery, but the 
signal-to-noise ratio is low enough at those intensities such that the effect is unnoticeable 
at short recovery times.  It also supports the idea that diffusion through the oxide layer into 
the polymer layer is less for the grating platform, but that quenching occurs primarily 
through extension of the RET distance by the metal such that the NB desorption from the 
film on gratings has a greater immediate effect on the fluorescence recovery. 
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Figure 4-5 (A & B) Fluorescence quenching response to different nitroaromatic vapors 
of MEH-PPV thin films on (A) SiO2-coated silicon and (B) silver plasmonic gratings; 
(C & D) Modified Stern-Volmer plots for (A) and (B), respectively (Note: Curves in A 
& B are guides to the eye. Curves in C & D represent linear fits to initial points for rate 
calculation). 
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Table 4-1 Summary of Optical and Electrochemical Properties of Reactants and Reaction Rates 
 
2,4,6-TNT 2,4-DNT 1,3-DNB NB 
VP (mmHg) [163] 8.02×10-6 1.47×10-4 9.00×10-4 0.245 
VPrel 1 18 112 3.05×104 
Ered (V) [159] -0.7 -1.0 -0.9 -1.15 
ΔG° (eV) -0.82 -0.52 -0.62 -0.37 
Ksv,t (Silica) (s-1) - 0.008 0.005 0.171 
Ksv,t (Silver) (s-1) - 0.030 - - 
Ksv,t (Grating) (s-1) - 0.057 0.021 0.068 
 
4.4 Conclusions 
Low-cost metallic plasmonic gratings and silica thin films were evaluated as means 
to improve the sensitivity and stability of conjugate polymer chemosensors for 
nitroaromatics.  While the oxide deposition process reduced the initial intensity of the 
device by partial oxidation of the underlying polymer material, the fluorescence of the 
resultant films was preserved during storage in ambient air for several months.  Metallic 
plasmonic gratings improved the initial intensity more than seven-fold with respect to films 
on an optimized SiO2-coated silicon.  This enhancement permits two possible modes of 
sensor improvement:  (1) the use of reduced excitation intensities to provide fluorescence 
similar to films on silica/glass and thus prolong the life of the device or (2) the use of 
similar excitation intensities to provide drastic improvements to signal-to-noise ratio and 
the sensitivity of the device.  Microporosity in the silica layer allows these films to retain 
their rapid quenching response to nitroaromatic vapors, with thin capped films on gratings 
quenching more than 80% in 60 seconds, a rate more than 7 times faster than similar films 
on SiO2-coated silicon.  More importantly, exposed films were able to recover fluorescence 
with time, allowing the potential for multiple use cycles and as dynamic sensors.    
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 
 
5.1 Conclusions 
Low-cost metallic plasmonic gratings and ultra-thin oxide (SiO2) capping layer 
were evaluated as means to improve the stability, signal, and sensitivity of fluorescent 
conjugated polymer (FCP) chemosensors.  In Chapter 3, we found that fluorescence of the 
resultant capped, plasmonic-enhanced films was enhanced more than seven-fold, primarily 
by a process of surface plasmon-coupled emission.  Furthermore, the enhanced fluorescent 
material was preserved from photo-oxidative damage by the semipermeable low-density 
SiO2 capping layer both during active use and storage in ambient air for several months.  
This layer screened out moisture and oxygen from penetrating into the polymer film by its 
high surface energy density, which attracts the moisture and effectively blocks the entrance 
to the infrequent, disconnected pores.  Meanwhile, the same porosity in the capping layer 
allowed the MEH-PPV films to retain their rapid quenching response to nitroaromatic 
vapors, with thin capped films on gratings quenching at a rate more than 7 times faster than 
similar films on SiO2-coated silicon due to competition between excited state electron 
diffusion and relaxation pathways.   
Then, in Chapter 4, a few unique properties of the capped thin films were examined, 
including the fact that quenching occurs by a process of diffusion, first through the capping 
layer, then interweaving through the MEH-PPV film itself.  This results in radially 
increasing quenching centers, which begin at nodes directly beneath the pores that do allow 
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access between ambient air and the polymer.  The capped MEH-PPV thin films also exhibit 
different quenching speeds for different materials, as indicated by their time-dependent 
quenching rates, found by examining a variation on the Stern-Volmer plot looking at the 
ratio of fluorescence intensities over time for a steady-state diffusion of 2,4-DNT.  The 
difference in rates is attributed to both the change in vapor pressure for different NA 
compounds as well as their diffusion through the MEH-PPV layer and energy-guided 
interaction (quenching rate itself) with MEH-PPV molecules.  
Finally, these capped MEH-PPV films exposed to NA were able to recover the full 
initial fluorescence intensity with time.  The speed with which the films recovered after 
removal from each vapor was also dependent on vapor pressure, with nitrobenzene 
recovering rapidly while 2,4-DNT recovers over the course of hours.  This also has to do 
with the specific interaction, molecular size, and porosity of both MEH-PPV and capping 
layer films.  The recovery itself allows for the films to be used in multiple use cycles with 
negligible effect to the quenching rate or intensity after previous exposures.  These unique 
properties show great promise toward enhancement of FCP sensor systems for embedded 
sensors in real-world applications.   
5.2 Future Direction 
5.2.1 Surface Energy-Mediated Polymer Morphologies 
As noted in Chapter 3, AFM imaging of the MEH-PPV thin films on SiO2-coated 
silicon and, to a lesser degree, plasmonic gratings revealed a complex, undulating MEH-
PPV thin film morphology caused by the onset of surface energy-mediated spinodal 
dewetting from the pristine SiO2 surface [111], a form of spinodal decomposition Film 
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instability arises at these growing undulations if the effective Hamaker constant is negative.  
Direct observation of this phenomenon requires that the thickness fluctuation, undulation 
growth rate, and Hamaker constant be such that AFM can be performed on the intermediate 
steps.  While these steps were not able to be observed on MEH-PPV films on silica, the 
final result matches the characteristics of spinodal dewetting sufficiently to conclude it as 
such.  The primary reason for MEH-PPV dewetting is due to a mismatch of surface energy 
density between the MEH-PPV (γ ≈ 26 mJ/m2 as measured on ITO) [142] and the freshly 
cleaned SiO2 surface (γ ≈ 71-77 mJ/m2) [113].  Significant improvements to polymer 
dissolution techniques were undertaken to reduce dewetting as much as possible, but some 
were unavoidable due to the use of chloroform as the solvent.  Toluene, p-xylene, and other 
aromatic solvents may be used to alleviate some of the chemical pressures associated with 
particulate formation in a relatively poor solvent such as chloroform, but may lead to more 
orderly alignment through increased π-π interaction, which reduces the fluorescence 
efficiency of the material [143, 144].  Furthermore, “better” (i.e. more non-polar, aromatic) 
solvents would not address the underlying surface energy mismatch between MEH-PPV 
and SiO2.  Utilizing a non-polar self-assembled monolayer (SAM) such as 
octodecyltrichlorosilane (OTS) (γ ≈ 20-25 mJ/m2 [113]) may improve surface energy 
matching on SiO2, but more care would need to be taken with regards to silver, especially 
given that increased distance from the surface as well as degradation and oxidation by 
silane and solvents reduce plasmonic coupling efficiency.   
The film process used in this work was not modified to include OTS treatment since 
the capping layer effectively sandwiched the films and prevented further dewetting.  
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However, it is well-known that surface energy plays a role in organic semiconductor 
morphology, alignment, torsion, etc. all of which have effects on interactivity with 
nitroaromatics. Furthermore, certain morphological arrangements could affect the 
diffusion rate through the MEH-PPV layer by increasing or decreasing the space between 
molecules (i.e. porosity) due to steric hindrance and morphological disorder.  It would be 
interesting to examine the changes in morphology, fluorescence, and NA reactivity that 
specific surface energy densities provide on same-thickness MEH-PPV thin films.  For 
SiO2-coated silicon, various silanes with different active sites (COO
-, NH2, SH, CH3, aryl 
ring, etc.) could be used to tune the surface energy density between hydrophilic and 
hydrophobic surfaces, which would affect how the films form on the surface, packing, 
dewetting (if any), and aggregation.. 
5.2.2 Molecularly Imprinted Fluorescent Conjugated Polymers 
The focus of this work would to investigate and optimize material properties of a 
fluorescence-based conjugated polymer (FCP) sensor and integrate the optimized 
condition with plasmonic gratings for sensitive, selective detection of trace nitroaromatic 
(NA) vapors.  The unique chemical and electrical properties of FCPs have been used to 
improve the sensitivity of a number of chem/bio sensor systems in recent years.  
Meanwhile, molecularly imprinted polymers (MIPs)—polymers designed to provide 
physical and chemical memory of a target template molecule—offer significant 
improvement to the selectivity of chemical sensors [9, 26, 50, 52, 92, 95, 97, 164, 165].  
The chemical sensitivity of FCPs would be combined with the chemical selectivity of MIPs 
and optimized over a plasmonic grating substrate layer to enhance the signal provided by 
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the FCP MIP interaction with nitroaromatics.  This work would leverage the experience 
and techniques developed in the course of previous projects on plasmonic-enhanced FCP-
based sensors as well as molecular imprinting techniques developed in our labs to 
synthesize a powerful, sensitive, selective NA sensor.  Molecular imprinting the FCPs 
would be investigated by spinning template-doped FCP thin films onto silicon and 
stabilized grating substrates with appropriate silanes (i.e. APTES) to encourage interaction, 
followed by annealing to physically “lock-in” the template.  Rapid annealing at proper 
temperatures above the glass transition temperature of the FCP and below the 
decomposition temperatures of the FCP, APTES, and template should lead to FCP/APTES 
crystallization around the template molecules.  Another option that would be investigated 
is solvent vapor annealing, which is advantageous in that it allows room-temperature film 
processing and may allow polymer reorganization around the template without loss of 
photoluminescence efficiency.  Both vacuum and solvent extraction methods will be 
explored to optimize the imprinting process.  Films will then be capped with a thin, 
protective oxide cap as has been done in the presented work or stabilized with a polymer 
additive [166] and exposed to various NA vapors and related interfering analytes to 
determine relative quenching rates. 
5.3 Wider Implications of Research 
The goals and results of the plasmonic- (SPR)-enhanced conjugated polymer 
fluorescence-based chemosensor have major implications on the future of the field of 
portable fluorescence-based nitroaromatic sensors.  Preventing photo-oxidation of 
conjugated polymers is significant enough, but capping the conjugated polymer film in 
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such a way that protection is afforded while the activity of the polymer is maintained is an 
important benchmark step toward the goal of achieving a free-standing, portable 
fluorescence sensor for NA vapors.  Aside from polymer stability, this goal was hindered 
previously by a number of real-world constraints that do not appear readily from laboratory 
experiments but can be addressed through the use of our capped, SPR-amplified MEH-
PPV device: power constraints on the excitation source and photodetectors, shelf life due 
to signal loss resulting from interaction with interfering analytes, and the ability to generate 
signals with high signal-to-noise ratio (SNR).  While planar substrates provided no real 
benefit to signal-to-noise ratio, improvements to SNR can be facilitated through the 
intrinsic signal amplification provided by our SPR-based platform so that low-cost, low-
power excitation sources and detection optics may be employed to read out the sensor 
responses while maintaining appropriate SNR to get actionable readings. 
Also, in field deployment, it is necessary to recalibrate the device after a known 
exposure event.  This platform in its current formulation allows the NA vapors to desorb 
freely after an exposure is complete, indicating that its reusability in the field is strong, but 
selectivity is relatively weak compared to MIPs in the presence of saturated vapors.  
However, further adaptation of the MIP technology to incorporate less caustic or aqueous-
based precursor formulations may allow the use of MEH-PPV in such a device, which 
would impart selectivity and a level of permanency to the quenching behavior.  This device 
would require template extraction after exposure or would be a one-use cartridge type 
device.  Using metallic gratings produced by e-beam lithography would make this a 
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prohibitively expensive venture, but the micro-contact printing process allows the mass 
production of such devices less the cost of e-beam lithography. 
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APPENDIX A A COMPARATIVE EVALUATION OF 
MICROARRAY SLIDES AS SUBSTRATES FOR THE 
DEVELOPMENT OF PROTEASE ASSAY BIOSENSORS 
 
A-1 Introduction 
Arrayed biosensors are becoming popular diagnostic tools in a number of fields due 
to the high specificity and sensitivity of biomolecules to their target analytes [7, 73, 165].  
DNA- and antibody-based microarrays are generally well-characterized examples of high-
throughput biosensors used to detect proteome expression levels and the presence of 
biological contaminants from bulk slurry [167-171].  However, since immunoassays do not 
assess the activity of proteins, assays constituting a form of the protein’s in vivo substrate 
have been developed which offer a more quantitative analysis of enzymes and toxins in a 
solution [172, 173].  Optimal function of such protease assays depends on the accessibility 
of the substrate to the enzyme active site, making directed protein immobilization on the 
assay platform a central focus of biosensor design [10, 174]. 
Most protein arrays produced today invoke the self-assembled monolayer (SAM) 
technique, which provides for orientation through careful selection of the chemical 
moieties used for protein binding [175, 176].  Substrates with a number of chemical 
functionalities have been developed such as aldehyde, epoxy, and N-hydroxysuccinimide 
esters [177]. More recently, high-surface area hydrogels and polymer matrices used 
originally only for adsorptive binding have been modified with amine-reactive groups to 
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provide covalent binding and increase the mean signal and signal-to-noise ratio, providing 
extremely sensitive assays for low-copy proteins [169, 178].  However, very few protease 
assay studies place the enzyme’s substrate on the platform since the potential cross-
reactivity of proteases limits the number of probes per slide [173]. 
The goal of this study was to evaluate commonly used microarray slides for their 
use as platforms in protease assay biosensors.  We look at the detection of Botulinum 
Neurotoxin A (BoNTA), a high profile toxic protease that has come to prominence in recent 
years in light of the increased risk of bioterrorism, its ubiquity in nature, and ease of 
production [179-181].  Lack of a well-accepted means of rapid BoNTA detection has 
necessitated the continued development of biosensors [176, 182, 183].  Several groups have 
provided alternatives including enzyme-linked immunosorbent assay (ELISA) and mass 
spectrometry [184-186].  However, these technologies still require long incubation times 
and expensive equipment, while recent advances in fluorescence-based biosensors show 
their potential for detection of biological agents [183, 186, 187]. 
A-2 Materials and Methods 
A-2-1 Slide Selection and Preparation 
The potential use of different slide substrates for protease assay biosensors was 
evaluated by studying protein binding and stability characteristics of biotinylated 
SNAPtide-FITC, a fluorescently-labeled BoNTA protease substrate (SNAPtide-FITC, List 
Biological Laboratories, Inc., Campbell, CA) on Streptavidin-spotted slides.  Unless 
otherwise noted, all bulk reagents were purchased from Sigma-Aldrich (St. Louis, MO).  
Nexterion slides AL® (aldehyde), E® (epoxy), H® (hydrogel), and P® (polymeric) were 
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purchased from Schott North America, Inc. (Elmsford, NY) and epoxysilane-treated slides 
(“Slide T”) were also made in-house.  Briefly, plain glass slides were cleaned in piranha 
solution (3:1 H2SO4:H2O2) for 10 minutes, rinsed in fresh ddH2O (18.1 MΩ-cm), dried in 
clean air, and then heated to 100 °C for 1 hour to remove excess moisture.  Cleaned slides 
were then incubated in 3% (v/v) 3-(glycidoxypropyl)-trimethoxysilane (GPTS) in toluene 
on a radial shaker for 30 minutes.  GPTS-coated slides were then rinsed in fresh toluene 
and ethanol, blown dry, and cured at 150 °C for 30 minutes. 
A-2-2 Protein Binding 
All slides (AL, E, H, P, and T) were then scribed into 5 mm x 5 mm square elements 
and incubated with protein according to the manufacturer specifications with some 
modification.  Each square was manually spotted with 0.1 μL 20 μg/mL Streptavidin in 
sodium-deficient HEPES buffer (20 mM, pH 7.2) in ambient air and then transferred to a 
preconditioned humidity chamber at 22°C and 90% relative humidity for 1 hour.  After 
incubation, Slides AL®, E®, and T were washed in washing buffer (20 mM HEPES, pH 
7.2, 0.1% (v/v) Tween-20) and Slides H® and P® in borate buffer (100 mM boric acid, 25 
mM ethanolamine, 0.1% (v/v) Tween-20) with gentle shaking for 1 hour.  Washing buffers 
were then decanted off and the slides were rinsed 3 x 5 minutes with plain HEPES buffer 
to remove remnant surfactant.  After decanting the rinsing buffer, a 5 μL droplet of 20 
μg/mL SNAPtide was placed on each slide and covered with a glass cover slip.  Slides 
were then incubated for 1 hour in the dark at 22 °C, 90% RH before washing for 1 hour 
with washing buffer and rinsing again with plain HEPES to remove surfactant.  Optimal 
spotting and washing conditions were determined by spotting 0.2 mg/mL Streptavidin and 
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varying both SNAPtide and surfactant concentrations from 5-200 μg/mL and 0.01-1.0% 
(v/v) in incubation and borate/wash buffers, respectively.  Prior to assays, measurements, 
or storage, individual elements were separated by breaking along the scribed lines, 
providing single-spot square sensing elements.  Fluorescence measurements were taken on 
an Olympus BX51W1 fluorescence microscope using an USB4000 spectrometer (Ocean 
Optics, Inc., Dunedin, FL) and OPT101 photodiode (Texas Instruments). Data were 
analyzed using OriginPro 8 (OriginLab Corporation, Northampton, MA). 
A-2-3 Long-term Stability 
SNAPtide-labeled slides were stored at 37 °C for 2 hours in buffer containing 
HEPES with 0.5% (v/v) glycerol, 0.05% (v/v) PVP, or 0.5% (v/v) trehalose.  After taking 
fluorescence measurements to determine the most protective conditions, more slides were 
made and stored in either HEPES or additive-modified HEPES for up to 1 month in the 
dark at 4 °C with measurements taken periodically.  All slides were acclimated to room 
temperature just prior to measurements. 
A-2-4 Protease Assay 
BoNTA light chain (List Biological Laboratories, Inc.) was diluted from 400 nM 
aliquots into 200 μL working concentrations of 1, 2, 3, 4, or 5 nM in microcentrifuge tubes 
with reaction buffer (20 mM HEPES pH 7.2, 1.25 mM DTT, 0.3 mM ZnCl2).  After taking 
initial fluorescence measurements, chips were distributed into each solution plus a toxin-
negative control and incubated in dark at 37 °C for 2 hours.  Slides were briefly rinsed in 
fresh HEPES and measured again to obtain the change in fluorescence.   
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A-3 Results  
A-3-1 Slide Selection and Protein Binding 
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Figure A-1 (A) SNAP fluorescence intensities on different slide substrates (AL - aldehyde, E - 
epoxysilane, H - hydrogel, P - polymer, T - GPTS) (n=5); Optical micrographs of spots on Slide P 
without (B) and with (C) glycerol and humidity chamber; (D) Effect of increasing both SNAP and 
wash buffer surfactant concentrations on mean fluorescence intensity (% indicate concentration of  
surfactant in wash buffers before and after SNAP incubation) (n=10, FITC fluorescence intensity 
expressed as mean ± SE). 
SNAPtide-FITC is a synthetic peptide containing the native cleavage site for 
Botulinum Neurotoxin Type A.  Cleavage of the substrate by the toxin releases the 
fluorophore and fluorescence is reduced. The decrease in fluorescence intensity is directly 
proportional to the amount of cleavage that has occurred and thus allows for accurate 
measurement of Botulinum toxin enzymatic activity. A comparison of SNAPtide 
fluorescence intensities on each of the slides tested before cleavage is shown in Figure 
A-1A.  Slide H® was found to have the highest average intensity with 29,592 ± 4694 counts 
(n=5) followed by Slide P® with 23,651 ± 4158 counts (n=5).  Meanwhile, Slides AL, E, 
and T registered roughly 10 times less fluorescence than Slide P®.  The relatively large 
error bar for Slides H® and P® was due to drying artifacts during initial experiments as 
shown in Figure A-1B.  Since these slides were to be used for protease assay under less 
than ideal conditions such as prolonged shaking and increased temperatures, the slides were 
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left on a radial shaker in HEPES buffer for a few hours at ~30 rpm, resulting in a 40% loss 
of signal for Slide H® and 20% loss for Slide P®.  Since the flat substrates already had low 
signal-to-noise ratio and the hydrogel slides were relatively unstable, Slide P® was chosen 
for further experiments due to its optimal combination of signal intensity and stability. 
However, buffer evaporation led to drying spot artifacts which limited their use. To 
overcome this problem, we tested different buffer additives (Figure A-1B). We found that 
uniform spot morphology was achievable through the combined use of buffer additives 
(Glycerol and PVP) and high humidity during incubation provided by the preconditioned 
humidity chamber (Figure A-1B).    Both glycerol and PVP were tested as print additives, 
initially included at 0.5% (v/v) and 0.05% (v/v), respectively, which resulted in increased 
mean fluorescence intensity compared to unmodified buffer (see Figure A-1B, Inset).  
However, increasing PVP content beyond 0.1% prevented binding of Streptavidin (data 
not shown).  The intra-spot coefficient of variation (defined as CoV = σ/μ) was also 
improved, going from 20.5% in unmodified buffer to 13.4% in PVP and 9.8% in glycerol. 
A typical spot achieved with glycerol additive is shown in Figure 1C. 
The effects on chip fluorescence of increasing concentrations of both SNAPtide 
and surfactant were used to test the level of nonspecific binding in the 3D polymer slide 
(Figure A-1C).  The expected logarithmic relationship between SNAPtide concentration 
and fluorescence was observed, indicating saturation of the basement Streptavidin layer.  
Increasing the surfactant fraction in the washing buffers also caused dose-dependent 
changes in fluorescence.  Between 0.01-0.3% (v/v) Tween-20, fluorescence increased 
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uniformly across the range of SNAPtide concentrations used.  Meanwhile, higher 
surfactant loading led to a significant decrease in fluorescence (blue column). 
Finally, the effects of the buffer additives on stability of protein binding at elevated 
temperature conditions were tested.  Of these, PVP offered the only protection to freshly-
prepared chips (Figure A-2A), averaging 13% higher fluorescence than unmodified buffer 
after 2 hours.  This protection was significant enough to warrant inclusion in both storage 
buffer and reaction buffers during actual assays.  Figure A-2B shows the results of long-
term storage on the mean fluorescence intensity.  Black and red columns were spotted with 
glycerol in the spotting buffer and blue and teal with PVP.  Their initial intensities, 
represented by red and blue for glycerol and PVP, respectively, are shown in the inset in 
comparison to unmodified buffer (black).  Over the course of 1 month, PVP again provided 
~15% more stable fluorescence than unmodified buffer in the case of glycerol-spotted 
slides. 
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Figure A-2 (A) Effect of buffer additives on fluorescence stability at 37 °C (G = 0.5% 
Glycerol, P = 0.05% PVP, T = 0.5% Trehalose); (B) Effect of buffer additives on long-
term binding stability at 4 °C (spotting/storage additives: black = Glycerol/HEPES, 
red = Glycerol/PVP, green = PVP/HEPES, blue = PVP/PVP), (Inset) Initial intensity 
of chips spotted with unmodified HEPES (black), HEPES + Glycerol (red), and 
HEPES + PVP (blue).  
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A-3-2 Protease Assay 
Figure A-3A below shows a schematic of the protease assay.  Under assay 
conditions, SNAPtide is targeted and cleaved by BoNTA light chain, removing the 
fluorescent tag and leading to a drop in fluorescent signal intensity.  A 2 hour assay at 37 
°C provided a limit of detection around 3 nM, on the same order as the lethal dose (Figure 
A-3B).  A linear correlation (R2 = 0.92) between protease concentration and fluorescence 
was seen, especially between 2-5 nM (R2 > 0.99).  Increasing the assay time led to 
significant signal loss from the control sample, masking some of the activity of the toxin.  
However, as low as 1 nM could be distinguished from the control after 4 hours of assay 
time. 
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Figure A-3 (A) Assay schematic and (B) Results of 2-hr assay of BoNTA light chain (● = 2 hrs, ▲= 
4 hrs, ▼= 12 hrs) 
 
A-4 Discussion 
Amine-reactive coated glass slides are used as platforms for a number of diagnostic 
DNA and antibody microarrays.  However, very few protease assays have been made using 
these slides due to their primary use as high-throughput qualitative microarrays and their 
potential as discrete sensing elements has so far not been explored [172].  Nexterion Slide 
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P®, with a surface coating of proprietary polymer matrix activated with N-
hydroxysuccinimide (NHS) esters, was found to have good signal-to-noise ratio in 
comparison to flat glass and was more stable than hydrogel-coated slides.  Surface amines 
such as those from lysine residues of Streptavidin bind readily to the slides, onto which at 
least one, perhaps multiple biotinylated SNAPtide molecules can then attach with very high 
affinity [188].  Binding a primary or basement layer of Streptavidin allows orientation of 
the fluorescently-labeled SNAPtide substrates into the solution and also prevents amines 
on the SNAPtide peptide from linking covalently to the slide.  This ensures maximal access 
to the cleavage sites during assay and that the cleaved portion can be separated from the 
film.   
Drying artifacts due to evaporation of the printing buffer result from 
inhomogeneous protein distribution throughout the incubation period.  These effects have 
been addressed using print additives with higher vapor pressure than water, which are 
thought to replace water molecules around the protein as they evaporate [168].  Glycerol 
and PVP were both tested as print additives and while PVP led to higher mean fluorescence, 
glycerol was found to have the greatest improvement to spot morphology, reducing 
coefficient of variation by half compared to unmodified buffer.  Increasing PVP 
concentration beyond a minimal per volume concentration limited the ability of 
Streptavidin to come in contact with the polymer surface, indicating its effectiveness as a 
blocking agent, but limiting its use as a spotting buffer additive [189].   
Stability of protein bound to the slide is an important aspect of any sensor, 
especially since cleavage of the substrate peptide leads to a reduction in fluorescence.  Both 
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Slide H® and P® had higher signal-to-noise than flat glass substrates, but suffered from 
instability in initial experiments.  The higher signal loss from Slide H was attributed to the 
tendency of hydrogels to swell in the presence of aqueous buffers, which can lead to film 
degradation and leaching of material embedded deep in the hydrogel matrix [190].  The 
possibility that nonspecific binding was responsible was addressed by testing the effects of 
increasing SNAPtide and surfactant concentrations on the measured fluorescent signal 
[71].  The increasing signal with increasing surfactant fraction suggests the peptide was 
densely packed leading to self-quenching of the FITC fluorophores [28].   
Assay of the toxin generally requires increased temperatures that simulate the in 
vivo conditions under which the toxin performs naturally [183].  Under assay conditions, 
the toxin should cleave the SNAPtide peptide, releasing the fluorescent label and leading 
to reduced on-chip fluorescence.  However, a side-effect of increased temperature in this 
case was reduced protein stability to the film.  Use of a FRET pair in future designs may 
allow for increased sensitivity since the ratiometric design is less susceptible to these 
artifacts.  However, this detection scheme is still important as it does not require pull-down 
or concentration of the toxin from its bulk slurry prior to assay.  This can reduce preparatory 
time prior to protease assay, which has been demonstrated effectively in qualitative 
immunoassays of biological agents [170]. 
In summary, we have examined key parameters in the application of recently 
developed microarray slides for protease assay biosensors.  Nexterion Slide P® offers a 
combination of optimal intensity and stability in comparison with other available slides 
making it more amenable to sensor applications.  The inclusion of buffer additives glycerol 
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and PVP were used to improve spot morphology during binding and extend the useful duty 
life for protease assays requiring elevated temperatures without affecting protease activity.  
Detection of BoNTA light chain was accomplished in the sub-lethal nM range within 2 
hours.  Future improvements should provide more sensitive detection and this facile 
detection scheme has the potential for use in a portable sensor system. 
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